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Abstract 
This thesis deals with the control of power electronic interfaces for photovoltaic 
applications. The main objective is to develop and employ effective control 
algorithms and topologies that are optimally suited for photovoltaic power 
conversion systems. The studies, comprising of analysis, modeling, control and 
experimental evaluation, clearly enhance overall system performance. The major 
items of investigation in this thesis are power electronic converter design and 
modeling, current mode control, maximum power point tracking techniques, and 
control for energy storage systems. 
The nonlinear and time varying characteristics of both the photovoltaic module and 
switch-mode power converters cause problems in photovoltaic systems control. The 
weather dependency of photovoltaic system makes these problems even more severe. 
As the photovoltaic source usually acts as a current source, this thesis proposes 
current mode control methods as a suitable control solution in photovoltaic power 
systems. The thesis proposes an improved algorithm, based on current mode control, 
to ensure an accurate tracking of the maximum power point of the photovoltaic 
module. In addition, four current mode control methods are investigated for the dc-dc 
converter controller to obtain a stable dc bus voltage. The results obtained are 
compared with the voltage mode control. Finally, a new control algorithm is 
proposed for charging and discharging of the photovoltaic battery storage system, 
which allows versatile power transfer among the photovoltaic source, battery and 
load. 
Extensive simulation studies were performed based on MATLAB/Simulink/ 
Simpower to verify the control methods of the maximum power point tracking, dc-dc 
converter control and energy storage interface for a 3 KW photovoltaic power 
system. The current mode control methods have shown significant improvement in 
different aspects of the power quality, especially in case of input changes, load 
variations, transient responses and harmonics. A dSPACE DS1104 DSP (digital 
signal processor) hardware and software system was used in a prototype 
experimental evaluation to validate the improved performances of the current mode 
control of dc-dc converter for photovoltaic systems. 
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Chapter 1 
Introduction 
1.1 General 
The demand for energy will continue to increase to keep pace with the advancements 
and living standards of the increasing human population. Conventional fossil fuel 
based energy sources can meet the future demand. However, they produce pollutant 
gases and have adverse effects on the environment. Therefore, the challenge lies in 
providing the additional energy from pollution free renewable energy sources while 
showing esteem for the environment. It is obvious that renewable power generation 
by itself cannot be a viable solution to the world power crisis. However, renewable 
based energy sources can support conventional fossil fuel based generation to 
mitigate the power problems as well as to reduce the environmental pollutions. 
Recently, the interest in photovoltaic power systems is increasing worldwide, due to 
the devastating effect of climate changes, and climate friendly policies. The 
availability of free solar radiation and subsidised strategies also enhances the 
implementation of extensive use of photovoltaic solar power systems. Hence, 
photovoltaic power generation is experiencing an exponential growth because of its 
significant potential as a sustainable energy source. Fig. 1.1 shows the global annual 
photovoltaic installations from the year 1997 to 2007 [1]. Fig 1.2 shows the lessening 
amount of greenhouse gasses under the current photovoltaic power generation 
scenario [1]. However, one of the major concerns about the photovoltaic power 
system is its higher implementation cost. Nevertheless, the advancement of 
technology and extensive use of photovoltaic power can make this technology 
competitive with the fossil fuel based utility prices. Fig. 1.3 shows a comparative 
scenario of the utility prices and photovoltaic power costs[1]. 
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Fig. 1.2 Estimation of lessening CO2 emission under current photovoltaic power 
generation scenario. 
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Fig. 1.3 Past and present trends of utility prices and photovoltaic power costs. 
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The low efficiency and irregular nature of the photovoltaic power system is the main 
hindrance to implementing this technology widely. That is why the efficiency 
increment of the renewable photovoltaic power system is now a pressing topic of 
research. There are several ways to increase the efficiency of the photovoltaic power 
systems, which include the improvement of solar cells themselves, maximum power 
point extraction strategies, alternative converter topologies, and employment of 
efficient control algorithms. 
1.2 Photovoltaic Power Systems Technology 
1.2.1 	Electricity from Photovoltaic Module 
A photovoltaic solar cell is a device which directly converts sunlight into electricity. 
The basic component of a photovoltaic module is the p-n junction of the 
semiconductor materials, which generate electricity when exposed to illumination. 
The materials used for photovoltaic cells are mono-crystalline silicon, multi-
crystalline silicon and thin film [2]. When the photons of sunlight hit the 
photovoltaic cells, the electrons are knocked loose from their atoms, allowing them 
to flow through the materials to produce electricity. Consequently, the sunlight 
radiating on the photovoltaic module produces both a current and a voltage to 
generate electric power. The particular composition of n-type and p-type 
semiconductor materials in the photovoltaic solar cells produces dc power. Fig. 1.4 
shows a simple demonstration of electric power generation from a photovoltaic solar 
cell. 
glass cover 
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n-type silicon --P- 
p-type silicon;:,v). 
back contact 
current flow - 
Fig. 1.4 Generation of electricity from photovoltaic module. 
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1.2.2 	Photovoltaic Power Systems 
A photovoltaic power system generally consists of photovoltaic modules and power 
conversion circuitry. Fig. 1.5 shows a typical photovoltaic power system. The 
photovoltaic module is responsible for converting the sunlight into electricity. Then 
the obtained solar power is processed through the power conversion circuitry. As the 
photovoltaic module delivers unregulated dc power, the power is then regulated 
using a dc-dc conversion stage. After that, the power is processed by a dc-ac 
conversion (inverter) stage to feed the ac loads. 
Photovoltaic power systems can be categorized as small, intermediate, and large, 
based on the system capacity [3]. The recommended classification for small systems 
is 10 kW or less; intermediate systems ranges from over 10 kW up to 500 kW; and 
the capacity of the large systems is greater than 500 kW. 
Photovoltaic power systems can work as stand-alone or grid connected systems. 
Stand-alone operations are viable for remote dwellings, remote sensing, satellites, 
spacecrafts and temporary traffic signs. A stand-alone, also known as off-grid, 
photovoltaic power system usually requires a storage battery. On the other hand, a 
grid connected photovoltaic power system usually delivers power to the grid when 
extra photovoltaic power generation occurs. Conversely, it takes power from the grid 
during low photovoltaic power generation. Nowadays photovoltaic power systems 
are also used as a part of a hybrid power system with wind, diesel or fuel cells. 
Battery 
storage 
Fig. 1.5 A typical stand-alone photovoltaic power system. 
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1.3 Power Electronic Interfaces and Control Techniques 
1.3.1 	Power Converters 
The efficiency and effectiveness of photovoltaic power systems mainly depends on 
the power electronic interfaces and control techniques. The raw power obtained from 
the photovoltaic module is regulated by a dc-dc converter. As the PV module voltage 
is usually below the utility-standard level (240V AC), the dc-dc conversion systems 
also need to boost the voltage level. Several alternatives are available for the dc-dc 
conversion interface for photovoltaic systems. Buck [4], boost [5], buck-boost [6-8], 
SEPIC and Cuk [9], full bridge [10], series resonant [11], push-pull [12], and flyback 
[13] converters are investigated in the literature. Fig. 1.6 shows a boost converter 
topology which is most commonly used for photovoltaic power processing. 
A bidirectional converter is usually used, after the dc-dc conversion stage, to charge 
and discharge the battery in a stand-alone system. The voltage levels of the battery 
banks are usually lower then that of the dc bus, so the buck-boost operation is 
preferable for bidirectional converters. Hence, a bidirectional converter operates in 
buck mode during battery charging, and in boost mode during discharging. There are 
different topologies of bidirectional converters, including series buck-boost, parallel 
buck-boost and Cuk for battery charging and discharging [14-19]. 
Finally, to make the photovoltaic power usable for ac electrical appliances, an 
inverter stage is used along with the filters. The filters are responsible for providing a 
good quality of power. 
Fig. 1.6 A boost converter is mostly used in photovoltaic power processing. 
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1.3.2 	Control Techniques 
Control algorithms are the governing elements for the regulation, protection and 
management of the energy produced by the photovoltaic module. Proper 
implementation of a controller is essential in every stage of power processing and 
conversion of photovoltaic power systems. Different control algorithms are 
employed separately or jointly for maximum power point tracking, dc-dc converter 
control, bidirectional converter control and inverter control. 
The maximum power point tracking technique is one of the fundamental concerns in 
photovoltaic power system. Performance of photovoltaic power systems greatly 
depends on the control of the maximum power point tracking techniques. Control of 
the maximum power point tracking techniques is also affected by environmental 
parameters such as temperature and irradiance. 
Power converters such as dc-dc converters and dc-ac converters (i.e. inverters) are a 
vital part of solar power systems. These components ensure the quality of power, 
maximum efficiency and overall safety of the system. Moreover, the quality of the 
power produced by the photovoltaic power system must maintain certain standards 
[3], including voltage level, frequency, harmonics and power factor. A diverse range 
of voltage mode control and current mode control techniques is available to control 
the converter and inverter circuitry to enhance the efficiency and reliability of the 
systems. Fig. 1.7 shows a simple control-architecture for photovoltaic power 
systems. 
DC bus 
Converter 
control 
DC-DC 
converter Charger 
control 
13rectional 
converter 
Inverter 
control 
DC-AC 
(inverter) 
MPPT 
control 
Photovoltaic source 	Battery storage 	Electrical load 
Fig. 1.7 Control of power electronic interfaces for photovoltaic power systems. 
Chapter 1 	Introduction 	 7 
Moreover, battery back-up facilities are necessary for stand-alone PV systems, as 
well as, in some cases, for utility interactive systems. In battery storage systems, 
selection of charger characteristics and associated controls for different types of 
energy storage systems are important issues. 
Digital Signal Processing (DSP) is one of the appropriate processors for PV systems. 
Control of maximum power point tracking, power converters, and the battery charger 
can be done with DSP hardware and software. Moreover, DSP is popular for its noise 
free signals, high speed, and precise real time signal processing. 
1.4 Research Motivation and Objective 
Renewable photovoltaic power systems are continually being improved to achieve 
higher efficiency and lower cost. The power electronic interfaces and control 
techniques can contribute a lot to make the photovoltaic power system cheaper and 
more efficient. The integration, interaction and matching of different components of 
the photovoltaic power system are also important for the optimum performance of 
the system. 
The purpose of this study is to improve the control of the power electronic interfaces 
of photovoltaic power systems in order to optimize the performance of the overall 
system. The main idea of the project is to implement efficient controllers at the 
different power processing stages of the photovoltaic solar power system. Three 
different controllers are implemented at the different stages, these are, an MPPT 
controller, a dc-dc converter controller and a bidirectional converter controller. 
The maximum power point tracking technique always ensures the extraction of the 
highest available power from the photovoltaic modules. As the photovoltaic module 
is operated as a current source, current control techniques are used to control the dc-
dc converter. The four most popular current control techniques are also examined as 
the dc-dc converter controller. A newly developed control strategy is implemented as 
the bidirectional converter controller to ensure versatile power transfer among the PV 
source, the battery and the load. 
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The contributions of this thesis are: 
o Development of a complete MATLAB/Simulink/Simpower based simulation 
model for a typical photovoltaic power system. 
o Software implementation of an improved maximum power point tracking 
technique with current mode control. 
o Application of current mode control methods as a suitable control solution in 
photovoltaic power systems. 
o Implementation of a new control algorithm for the control of energy storage 
interface with a bidirectional converter for photovoltaic systems. 
o Experimental investigation of the current mode control method as the dc-dc 
converter controller with dSPACE DS1104 DSP (digital signal processor) 
controller. 
1.5 Thesis Outline 
The current chapter first describes the prospects and technologies of photovoltaic 
power systems. The basics and importance of power electronic interfaces and control 
techniques for photovoltaic applications are discussed briefly. This is followed by an 
outline of the goals and contributions of the thesis. 
Chapter 2 presents an improved maximum power point tracking technique for the 
photovoltaic module. Some popular maximum power point tracking techniques are 
reviewed first. Then, some fundamental limitations of the maximum power point 
tracking techniques are identified, followed by considerations of the design and 
control parameters of the maximum power point trackers. An improved maximum 
power point tracking technique with current mode control is analysed, and 
implemented in the MATLAB/Simulink./Simpower software system. Optimum 
tuning of the perturbation step size, switching frequency and sampling rates are 
performed in the software model. 
Chapter 3 describes the current mode control of the switch-mode dc-dc converter to 
obtain a regulated dc output voltage. Control strategies for the dc-dc converter 
controllers are reviewed. Four current mode control methods are discussed. The 
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transfer function of the boost dc-dc converter and the core idea of current mode 
control are analysed. Finally, voltage mode control and four current mode control 
techniques are implemented in the MATLAB/Simulinlc/Simpower software system. 
Simulation results are provided, considering the effects of control algorithms, 
dynamic performances, input variations, load changes, external disturbances and 
inverter harmonics. A comparative assessment of the different control methods is 
also provided. 
Chapter 4 proposes a control algorithm for battery storage in photovoltaic power 
systems. An overview of the photovoltaic energy storage is presented, including 
storage options, system architecture, converter topologies and control techniques. 
The design considerations of battery storage for photovoltaic applications are 
discussed. A new control algorithm is analysed, and the simulation results are 
presented. The control algorithm ensures the power transfer among the photovoltaic 
module, battery and the load. 
Chapter 5 presents the experimental results of the DSP based converter controller 
within the prototype photovoltaic power systems. A dSPACE DS1104 hardware and 
controller board is used for controller implementation. The experimental results 
confirm the viability of the current mode control methods as a suitable solution for 
photovoltaic applications. 
Finally, conclusions and future research directions are given in chapter 6. 
1.6 Supporting Publications 
This research has produced the following refereed conference publications: 
[1]. K. N. Hasan, M. E. Hague, M. Negnevitsky and K. M. Muttaqi, "Output Quality 
Evaluation of Photovoltaic Systems with Different Current Control Methods of 
Switch-Mode Converters", International Conference on Harmonics and Quality 
of Power (ICHQP'08), University of Wollongong, NSW, Australia, 28 th Sep. — 
1 st Oct., 2008. 
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[2]. K. N. Hasan, M. E. Hague, M. Negnevitsky and K. M. Muttaqi, "Performance 
Analysis of VMC and CMCs of Switch-Mode Converters for Photovoltaic 
Applications", IEEE Industrial Electronics Society Conference (IECON'08), 
Orlando, Florida, USA, 10 th  — 13 th Nov., 2008. 
[3]. K. N. Hasan, M. E. Hague, M. Negnevitsky and K. M. Muttaqi, "Control of 
Energy Storage Interface with a Bidirectional Converter for Photovoltaic 
Systems", Australasian Universities Power Engineering Conference 
(AUPEC'08), University of New South Wales, Sydney, Australia, 14 th — 17a, 
Dec., 2008. 
[4]. K. N. Hasan, M. E. Hague, M. Negnevitslcy and K. M. Muttaqi, "An Improved 
Maximum Power Point Tracking Technique of the Photovoltaic Module with 
Current Mode Control", Australasian Universities Power Engineering 
Conference (AUPEC'09), University of Adelaide, Adelaide, Australia, 27 th  — 
30 th  Sep., 2009. 
Chapter 2 
Maximum Power Point Tracking of the 
Photovoltaic Module 
2.1 Introduction 
The power generated by a photovoltaic (PV) module depends on several factors such 
as such as solar insolation levels, temperature, shading conditions, PV cell aging and 
load conditions. Therefore, a solar panel is typically rated at an insolation level 
together with a specified temperature, such as 1000 W1m 2 at 25 ° C. The electrical 
power output of the photovoltaic module usually increases linearly with the 
insolation. Moreover, the PV module has a single operating point, where the values 
of the current and voltage of the cell result in a maximum power output. Fig. 2.1 
shows the exponential relationship between current and voltage of the PV module, 
where the maximum power point (MPP) occurs at the knee of the curve. Hence, a 
control strategy is required to extract maximum power from the PV module. 
There are several maximum power point tracking (MPPT) methods proposed in the 
literature [20-34], which are discussed in detail in the next section. Each of these 
methods has its own advantages and limitations. Generally, MPPT techniques use the 
power feedback method, which measures the PV module power and uses it as the 
feedback variable. In most cases, dc-dc converters or dc-ac inverters or both are used 
as power interfaces between the PV modules and electrical loads. The switching 
duty-cycle of these converters is the control variable of maximum power point 
(MPP) trackers. As the performance of the MPPT schemes is dependent on several 
parameters, constantly tracking the MPP is difficult. Moreover, the adjustment of the 
MPPT methods with the dynamic behaviour of the specific converter affects the 
performance of the MPPT techniques. 
A version of this chapter has been accepted for publication. K. N. Hasan, M. E. Hague, M. Negnevitsky, and K. M. Muttaqi, 
"An Improved Maximum Power Point Tracking Technique of the Photovoltaic Module with Current Mode Control", AUPEC, 
Sept. 2009, Adelaide, Australia. 
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Fig. 2.1 Current-voltage characteristics of the PV module at a specified irradiance. 
This chapter focuses on the investigation of maximum power point tracking (MPPT) 
techniques to extract the maximum available power from the PV module. A review 
of the existing MPPT techniques is presented first. Then, some limitations that affect 
the performance of the MPPT techniques are discussed followed by design 
considerations and control parameters of the MPP trackers. An improved MPPT 
technique with current mode control is proposed in this chapter. Finally, the 
proposed MPPT algorithm is verified through extensive simulation results. 
2.2 Review of MPPT Techniques 
The nonlinear 'current-voltage' and 'power-voltage' characteristic of the PV module, 
as shown in Fig. 2.2, results in a unique maximum power point at which the PV 
module can deliver the highest amount of power. The reason behind the decrease of 
current beyond the MPP can be explained from the device properties point of view. 
As the photovoltaic solar panels are made of silicon p-n diode, that shows the same 
electrical characteristics as p-n junction diode. The electrical characteristic of the p-n 
junction diode is shown Fig. 2.3(a). When the curve shown in Fig. 2.3(a) is shifted by 
the short circuit current of the photovoltaic solar cell, the curve looks like as shown 
in Fig. 2.3(b). Again, the diode is used as load; on the other hand, photovoltaic (PV) 
solar cell is used as the source. So, the characteristic curve of photovoltaic solar cell 
is shifted to the first quadrant, which then can be presented as shown in Fig. 2.3(c). 
This is the well known PV characteristic curve. 
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PV module output voltage, Vpv (V) 
Fig. 2.2 Current-voltage and power-voltage characteristics of the PV module at a 
constant temperature and a specified irradiance. 
As can be seen from Fig. 2.3(c) that the photovoltaic current decreases sharply 
beyond the maximum power point, and the voltage increases slightly. As a result, the 
photovoltaic power decreases beyond the maximum power point. 
The matter is further been complicated due to the dependence of these characteristics 
on solar irradiation and temperature. In order to achieve a viable solution to the 
MPPT problems, several methods are proposed. The ultimate goal of every method is 
to operate the switch-mode converter in such a way that the current and voltage of 
the PV module is to be set in a specified range, so that maximum power can be 
obtained from the PV module. 
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(a) Diode (p-n junction) (b) Current vs voltage (I-V 
characteristics 	curve) for an illuminated (c) I-V curve reflected into pn-junction solar cell the first quadrant 
Fig. 2.3 PV characteristics from the device properties point of view. 
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The existing MPPT methods vary according to the different aspects including the use 
of the sensor, speed of response, accuracy of tracking, ease of implementation, cost, 
PV module parameter dependency, steady-state and transient response. Some 
methods use voltage sensors, some use current and some use both types. Several 
methods offer high speed though they are not very accurate. On the other hand, 
accurate methods are slow. In the following subsection, some popular MPPT 
techniques are reviewed and their pros and cons are investigated. 
2.2.1 Perturb and Observe Method 
The perturb and observe method [20-24] involves a control in the voltage of the 
switch-mode converter observing the slope of the p-v characteristics of the 
photovoltaic module. As can be seen from Fig. 2.4, an increase in voltage increases 
the power while the PV module is operating on the left of the MPP, and decreases the 
power while on the right of the MPP. The process is repeated periodically until the 
MPP is reached. The system then oscillates around the MPP. The oscillation can be 
minimized by reducing the perturbation step size. However, a smaller perturbation 
size slows down the MPPT. 
The notable characteristics of this method are less dependency on the PV array 
parameters, both voltage and current sensing, and mutual analog and digital 
computation. This is considered to be the most popular method due to its simpler 
implementation, moderate accuracy in tracking MPPT and suitability for all 
environmental conditions. 
5 	10 	15 	20 	25 
PV panel voltage (V) 
Fig. 2.4 Simple representation of the perturb and observe MPPT technique. 
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The demerits [22, 23] of the perturb and observe method are higher transient tracking 
time, slower speed, very small tracking step, lower energy tracking factor (ETF ) and 
failure to operate in rapidly changing environmental conditions. Energy tracking 
factor is, 
where, Tmax = maximum transient tracking time taken by the slowest MPPT scheme. 
2.2.2 Incremental Conductance Method 
The incremental conductance method [20, 22-23, 25-28] tracks the MPP by 
comparing the instantaneous conductance (//v) with the incremental conductance 
(AJ/Av). This method is based on the fact that the slope of the PV module power 
curve is zero at the MPP, positive on the left and negative on the right of the MPP, as 
given by 
dP • 
dV 
— = 0 	at the MPP 
dP „ • — > u 	left of the MPP 
dV 
dP • — < u 	right of the MPP 
dV 
Since, 
dP d(IV) 	dl 	Al = 	=I+V—=I+V 
dV dV dV 	AV 
(2.1) 
So, the incremental conductance method searches the true MPP using the following 
steps, 
• 
• 
• 
If 
If 
If 
Al —> I -- , 
V 
/  -- , 
V 
/ 
V' 
incrementing the duty-cycle 
decrementing the duty-cycle 
keeping the previous value of the duty-cycle 
A V 
A/ — < 
A V 
A/_ _ 
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The noteworthy characteristics of the incremental conductance method are high-
quality performance in rapidly changing environmental conditions along with PV 
array independency, medium implementation complexity. Another significant 
characteristic of this method is the digital computation only. This method ensures 
moderate accuracy in tracking MPPT, and is suitable for all environmental 
conditions. The drawbacks [22, 23] of this method are the highest transient tracking 
time, the slowest speed, very small tracking steps and the lowest energy tracking 
factor (ETF ) . 
2.2.3 Ripple Correlation Control Method 
This method [22, 23, 29-31] senses PV module voltage and current and hence 
calculates the power of the PV module. The high frequency ripple in voltage and 
power is then captured to compute dPIdV . Then a decision is taken depending 
whether (dP I dt)x(dV I dt) is positive or negative. If (dP I dt)x (dV I dr) is positive, the 
operating point of the PV module lies on the left of MPP, and vice versa. 
During this process, an integrator is used to generate the reference voltage, which is 
then compared with the actual PV voltage in order to generate the corresponding 
error. The error is used to suitably alter the duty ratio of the converter. The whole 
circuit consists of the sensing circuits, gate pulse generator, boost circuit and the 
control loop. The ripple correlation control method uses inverting amplifiers, high 
pass filters and integrators. 
The Ripple correlation control method is PV array independent, having low 
implementation complexity and analog computation. This method has the fastest 
tracking speed, the highest ETF , and is suitable for fast changing environmental 
conditions [22, 23]. The disadvantages of this method are that it is not so accurate, 
and hence has lower tracking capability, is unsuitable for high switching frequency, 
and has the highest power ripple in steady-state near MPPT. 
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2.2.4 Modified Hill Climbing Method 
In the modified hill climbing method [23, 30], an automatic tuning parameter 'a' is 
introduced. This parameter decides the step length, whose value depends on the 
change in power. The automatic tuning parameter 'a' will be large during the 
transient stage and will be small during steady-state. Consequently, it can reduce the 
power loss at steady-state and can track quickly during rapidly changing 
environmental conditions. This method uses the equation, 
AP  a(k) — C 	 (2.2) 
where c is a constant, AP is the change in power, k and k -1 are the two 
consecutive iterations. 
When the power changes in a large range, the tuner changes the value of 'a' to a 
large scale which satisfies the fast response requirement during the transient stage. 
When the power change is small, the controller assumes that the system has entered 
the steady-state stage and the value of 'a' becomes small to keep smooth control 
over the slowly changing power. 
The significant characteristic of the modified hill climbing method is the variable 
step size. This method requires on-line computation of the tuning parameters. The 
merits of this method are very accurate tracking, moderate tracking speed, good 
dynamic and steady-state performance and the lowest power ripple in steady-state 
near MPPT. One notable demerit of this method is its dependency on PV module 
configurations [22, 23]. 
2.2.5 13 Method 
This algorithm [23, 33] works in two stages. In the first stage, using large iterative 
steps, operating point can be quickly driven to close proximity to MPP of the PV 
module. In the second stage, the exact MPP can be found by using small iterative 
steps. The control parameter /3 is calculated by the equation 
fl = In(10 x c) 	 (2.3) 
a(k —1) 
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where io reverse saturation is current and 'c' is a diode constant. Again 
c= 	 
rikTN 
Where q is the electronic charge, 17 is the ideality factor, k is the Boltzmann 
constant, T is the temperature in Kelvin and Ns is the no. of series connected cells in 
the PV module. 
The p method senses the PV array voltage and current, and then calculates a suitable 
)6 for the specific PV system. After that the calculated # is compared with the 
actual p , which depends on the actual PV parameter of that particular condition. 
Afterwards, the computation of the error is performed followed by the use of the 
error to fix the duty-cycle. 
This technique uses variable step size and is especially suitable for fast changing 
environmental conditions. The superiority of this method lies in the fast tracking 
speed, good accuracy and suitability for all environmental conditions [22, 23]. The 
main drawbacks of this method are the dependency on PV module characteristics and 
high implementation complexity. 
2.2.6 Constant Voltage Method 
Constant voltage method [23, 34] is based on the fact that the ratio of the MPP-
voltage to a reference voltage is nearly a constant. With a change in temperature, the 
MPP of the photovoltaic array changes accordingly. This method uses the physical 
fact that the temperature characteristic of the p-n junction diode is very similar to that 
of the solar array. 
(2.4) 
The forward voltage drop in the p-n junction mounted on the bottom of the PV array 
is used as the reference voltage. The sensed PV array voltage is compared with the 
reference voltage to generate an error signal. The error is used to suitably alter the 
duty ratio of the converter. This method follows the steps below to find the 
maximum power point of the PV module: 
• Senses the voltage vs of the solar array 
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• Takes the reference voltage v„f from the p-n junction diode 
• Calculates the error, e = V„f - V, 
• Updates the duty ratio 
The major characteristics of the constant voltage method are its voltage sensing and 
low cost. The advantages of this method are simple implementation, moderate 
tracking speed and good performance in stable environmental conditions. This 
technique is not as accurate as other methods discussed before [22,23]. 
2.3 Problems Associated with MPPT Techniques 
There are some common problems involved with MPPT techniques which can 
greatly reduce the performance, and hence result in a considerable amount of power 
loss. Those problems which restrict the attainable performance of MPPT are 
described below. 
2.3.1 Matching with Converter Topologies 
Generally, the MPPT controller drives a dc-dc converter, whose duty-cycle is 
modulated in order to track the instantaneous MPP of the PV module. Studies [4-5, 
11-12] show that converter topology alters the performance of MPPT techniques. As 
both the PV module and converter shows non-linear and time-varying characteristics, 
perfect matching between them is necessary for the optimum performance of the 
whole system. 
Among the basic dc-dc converter topologies, the boost converter is the most 
promising solution as a photovoltaic MPPT interface. The continuous inductor 
current and discontinuous output current makes it superior in PV applications [5]. 
Additionally, the boost topology offers cheaper implementation and better dynamic 
response when compared to other basic dc-dc converters. The boost converter also 
has advantages over the buck converter, mostly at low insolation levels, while it can 
always track the maximum power point [4]. 
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2.3.2 Changing Environmental Conditions 
The PV module is characterized, normally, in laboratory test conditions. In contrast, 
real environmental phenomena changes abruptly. This can adversely affect the 
performance of the MPPT techniques. It is well known that the change in solar 
irradiation largely influences the true MPP. Fig. 2.5.a and b show the PV current-
voltage and power-voltage characteristics at different insolation levels. The change in 
temperature also reallocates the operating point of the MPP. The problem of finding 
the MPP becomes severe during rapidly changing environmental conditions. Several 
recent research publications have highlighted this issue [21, 26, 28, 33]. 
2.3.3 Non-Optimal Conditions 
There are some non-ideal conditions which impede the MPPT techniques' ability to 
harvest the maximum available power. Partial shading, low solar insolation, dust 
assemblage and PV module aging are in this category. Partial shading is the most 
severe among these problems. Studies [5, 35] suggest that partial shading can cause a 
significant reduction in PV power output even in minor shading occurrences. An 
experimental investigation [5] reveals that the MPP power degrades by about 28% 
when 1 of the 72 photovoltaic cells is shaded. The shading effect lowers the module 
output because the current of the series-connected cells is affected by the shaded cell. 
Nevertheless, the cells are connected in series to get a specific output voltage. 
(a) i-v characteristics 
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(b) p-v characteristics 
Fig. 2.5 PV module (a) i-v and (b) p-v characteristics at different solar insolation 
levels. 
2.4 Design Considerations of MPPT Techniques 
Usually, the operating voltage and current are sensed and fed to the control circuit for 
the computation of the control parameters corresponding to the optimum 
instantaneous operating point. When studying MPPT techniques, several factors are 
to be considered which affect the performance of that particular MPPT technique. 
These are: 
• Tracking speed 
• Tracking accuracy 
• Costs 
• Dependency on PV array 
• Analog or digital or both 
• Stability 
• Steady-state error 
• Implementation: simple or complex 
• Sensors: voltage or current or both 
• Ripple in the PV power 
• Energy tracking factor 
• Response to environmental change 
• Dynamic response 
Apart from the control circuitry, the sampling interval (Ts ) and perturbation step size 
(d step) of the MPPT algorithm need to be considered carefully [36-39]. These 
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parameters, i.e. (Ts ) and (c1 step ) have a significant effect on the performance of the 
MPPT. A poor choice of these parameters can easily lead to instability or inefficient 
tracking. The optimal choice of sampling rate and duty-cycle has to be customized 
with the dynamic nature of the specific converter adopted. Another point is that, 
during steady-state condition the sampling and signal processing can create 
unnecessary losses as there is less need of frequent sampling. Conversely, frequent 
sampling should be done during rapidly changing atmospheric conditions to offer a 
fair transient response. 
2.4.1 Perturbation Step Size 
The perturbation step size needs to be higher for fast tracking of the MPP. 
Conversely, the perturbation step size is to be lower to minimize the oscillation 
around the MPP. Lowering the 'duty-cycle perturbation' reduces the steady-state 
losses caused by the oscillation, as the operating point can stay very close to MPPT; 
though it makes the algorithm less efficient during rapidly changing environmental 
conditions. 
2.4.2 Sampling Interval 
The sampling interval is to be set higher than a threshold value to avoid oscillations 
around MPP in steady-state and to reduce the instability of the MPPT algorithm. The 
rate of sampling must ensure that after each duty-cycle perturbation, the system 
reaches the steady-state before the next sample of PV voltage or current is taken. In 
fact, in order to allow the MPPT algorithm to make a correct interpretation of the 
effect of a duty-cycle step perturbation on the corresponding steady-sate variation of 
the array output power, it is necessary for the time between two consecutive 
sampling to be long enough to allow the power to reach its steady-state value. 
Theoretical analysis, simulation study and experimental results reveal an optimal 
choice of perturbation step size cis,ep = 0.05 and the sampling interval T 20ms for a 
1.5 kW boost-converter based MPPT systems [36]. 
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2.5 Control Parameters of MPPT Techniques 
MPPT techniques employ control circuits those operate the PV module in a manner 
that allows the module to deliver, and the power converter to extract, the maximum 
available power from a particular PV module. Generally, the MPPT algorithm sets a 
reference value of one variable controlling the power converter that interfaces the PV 
module to load. The reference is chosen so that the converter draws the current or 
gets the voltage so that the PV module operates at or near the MPP for the existing 
irradiance and temperature. 
The PV module voltage and/or current are used as control parameters of MPPT 
techniques. The voltage and/or current are set to a reference value and online sensing 
of the PV module parameters is performed to follow the reference. 
To track the maximum power point, it is enough to follow either the voltage or 
current at or near the MPP. As the change of voltage is less than the change in 
current in response to the solar irradiation change, it is preferable to use the PV 
module voltage as the MPPT control variable [5]. The reason behind this is that the 
photovoltaic current exhibits fast dynamic behaviour in response to the rapidly 
moving clouds. Moreover, the PV module MPP voltage usually bounded to 70% - 
82% of the open circuit voltage while the current varies within 'zero Ampere' to the 
'short circuit current' range. In this case, the use of voltage as the MPP control 
variable allows a short tracking range. The MPPT tracker based on the voltage 
reference is shown in Fig. 2.6. 
The control structure shown in Fig. 2.6 is applicable for both the dc-dc converter and 
dc-ac inverter based MPPT module. The MPP tracker sets a reference voltage to 
follow. This reference is continuously tracked and updated by the MPPT tracker. 
As the PV module current is directly linked with solar insolation changes, the MPPT 
techniques based on current reference can achieve a fast response and accurate 
holding of the MPP under rapidly changing environmental conditions [40-42]. Fig. 
2.7 shows an MPPT control structure based on current reference. 
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Fig. 2.6 Control mechanism of MPPT based on the reference voltage. 
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Fig. 2.7 Control mechanism of MPPT based on the reference current. 
It can be seen from the PV module characteristic equation, as shown in eq. 2.5 that 
the short circuit current is proportional to the solar insolation. 
■ 
 
e kT 
(V + I R s  ) n 	pv pv  –1 
V +1 R p 	pt' s 
R sh 
 
Ipv = ILG – 'sat 
(2.5) 
      
where, 4, (A) is PV module output current, AG (A) is the light generated current, /sat 
(A) is the PV module saturation current, Rsh (n) is the shunt resistance, R, (0) is the 
series resistance, T (K) is the PV module temperature and k is Boltzmann constant. 
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Additionally, there is a linear relationship between the MPP current and the short 
circuit current, [22, 42] which can be represented as, 
I mpp = K I „ 	 (2.6) 
where I mpp is the current at MPP, / sc. is the short circuit current, and lc is the 
current factor. This correlation reveals that the current could be used as the control 
variable to track the true MPP. A fast-acting current loop can adjust the duty-cycle of 
the converter to follow the reference current calculated by the MPPT tracker. 
Nevertheless, a proper value of the duty-cycle calculated by the MPP tracker can 
adjust the converter duty-cycle to extract maximum available power from the PV 
module [36-39, 43]. Hence, the duty-cycle perturbation step size  is to be chosen 
carefully for improved performance of the MPPT. Fig. 2.8 shows  a typical system 
where duty-cycle is linked with instantaneous PV power. 
In duty-cycle based design [38], the duty-cycle perturbation at the time (t +1) is 
planned according to the sign of the difference between the power drawn from PV 
array at time t and the power drawn at time (t +1) . So the next duty-cycle 
perturbation step can be decided on the basis of the following relationship: 
d(t +1) = d(t) +[d (t) - d(t -1)]x sign[P(t +1)- P(t)] 	 (2.7) 
Fig. 2.8 Control mechanism of MPPT based on the duty-cycle perturbation. 
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2.6 Improved MPPT with Current Mode Control 
An improved version of the MPPT technique with current-mode control [40-42] is 
presented here. The proposed MPPT tracker produces a reference current which is 
then compared with the inductor current of the dc-dc boost converter. Subsequently 
the error current goes through a PI controller to generate the PWM switching signal. 
The algorithm of the improved current mode control MPPT technique is shown in 
Fig. 2.9. A MATLAB function block is used to calculate the desired switching pulses 
and fed to the IGBT of the dc-dc converter. 
A variable perturbation step size is set for the reference current. The perturbation step 
size is defined based on the PV power difference in response to the change in solar 
insolation. The perturbation step, dl is added or subtracted with the reference current 
at each iteration of the algorithm, presented by, 
/ref (t) = /ref (t -1) + dI 	 (2.8) 
where /ref (1) is the latest reference current value, / ref (t -1) is the reference current 
value of previous iteration and dl is the perturbation step size of the reference 
current. dl is calculated based on the following equation: 
dP, 
dl - K 	— 
P (t) pv 
(2.9) 
dP p, = P p,(t)- P p,(t -1) 	 (2.10) 
where K is the slope of the power-voltage curve of the PV module, dP p, is the 
change in power, Pp,(1) is the latest power output of the PV module, Pp,(t -1) is the 
power output of the PV module at previous iteration. 
The effectiveness of the improved MPPT technique lies in the employment of the 
variable perturbation step size. Most importantly, the variable perturbation step size 
depends on the PV power difference which changes with the change in solar 
insolation and temperature. The perturbation step size is repeatedly modified 
according to the PV power difference, as shown in the eq. 2.9. Hence, a large change 
in solar insolation produces a large change in power difference which is then 
automatically updated by the larger perturbation step size. 
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Fig. 2.9 Flowchart of improved MPPT technique with current mode control. 
The variable perturbation step size may cause abrupt oscillation before the steady-
state condition is reached. This instability problem can be minimized by the current 
reference. As the PV characteristic is governed by the PV current under changes of 
solar insolation, controlling the inductor current reduces the oscillation in PV power 
during the transient state, at rapidly changing atmospheric conditions. 
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2.7 Simulation Results and Discussion 
2.7.1 System Configuration 
Fig. 2.10 shows the block diagram of the improved MPPT with current mode control. 
The PV module power is processed by the dc-dc converter and inverter to feed the 
load. The dc-dc MPPT module tracks the MPP of PV module and delivers power to 
the dc bus. Afterwards, the inverter transforms the power from dc to ac and supports 
the ac load, with controlled voltage and frequency. 
Fig. 2.10 Block diagram of improved MPPT technique with current mode control. 
2.7.2 Simulation Model 
A simulation model has been developed using MATLAB/Simulink dynamic system 
simulation software. A Simulink model of the photovoltaic module is used as the PV 
source. This model takes solar irradiance and PV module current as input and gives 
PV module voltage and power as output. Different parameters of the circuit, such as 
short circuit current, open circuit voltage, current and voltage at maximum power 
point can also be set in the model. Table 2.1 shows the specification of the PV panel. 
A classical boost converter is used as the dc-dc conversion interface. The utility ac 
voltage is usually 230V and thus requires a dc voltage of about 400V at the output of 
the dc-dc converter. Since the voltage of PV module is usually below this level, the 
system raises the voltage level using the boost converter. The simulation model is 
designed according to the system power capability requirements. 
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Table 2.1 Specifications of the PV module 
Parameter Value 
Maximum power 80W 
Open circuit voltage 22V 
Short circuit current 6A 
MPP voltage 17.8V 
MPP current 5.5A 
The PV model takes the insolation data and conventional current data to produce PV 
module voltage and power, which together give PV module characteristics. The 
power is then processed by the boost converter. In this case, PV module voltage, 
power and the input inductor current of the boost converter are monitored 
continuously. A reference current is generated by the MPPT controller. The inductor 
current of the boost converter follows that reference value. 
Discrete 
Ts= 5e-005 s. 
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Fig. 2.11 Simplified representation of simulation model of MPPT technique with 
current mode control (the inverter and the load is not shown here). 
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A MATLAB function block receives the required current, voltage and power 
information to calculate the reference current. The calculation uses the methods 
described in section 2.6 and the eqs. 2.8 to 2.10. The reference current is then 
compared with the input inductor current of the boost converter and calculates an 
error. Afterwards, the error current is passed through a PI controller to enhance the 
stability of the controller. The modified error is then fed by the PWM generator to 
generate the switching signal to drive the IGBT of the boost converter. Fig. 2.11 
shows the simulation model of the MPPT technique with current mode control. 
2.7.3 Results and Discussion 
2.7.3.1 Tracking Performance of Reference Current 
The tracking performance of the MPPT algorithm with variable step-size is presented 
in Fig. 2.12. The reference current, /ref generated by the algorithm and the PV 
module current, Ipv is shown in the figure. The step-size changes quickly with the 
change in PV power to track the MPP. Initially, the level of solar irradiation is 
400Wm-2 . Then at 0.4s, it changes to 700Wm -2 . At this time, the current level goes 
up. Afterwards, the irradiation level changes again at 0.8s, from 700Wm -2 to 
1000Wm-2 . There are also two consecutive changes at 1.2s and 1.6s. In every case of 
changing irradiations, the reference current forces the PV module current to extract 
maximum power. 
2.7.3.2 Effect of Irradiance Change 
To verify the improved MPPT with current mode control, the PV system is simulated 
with a series of values of solar irradiance. The simulation results are shown for the 
solar irradiance of 400 Wm -2, 700 Wm-2 and 1000 Wm -2 . It is observed from the 
photovoltaic panel p-v curve as shown in Fig. 2.13 that the operating point oscillates 
around the true MPP and moves along the locus of the MPP as the solar irradiance 
changes. In each step, the MPP is accurately identified and therefore optimum use of 
PV module power is ensured. 
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Fig. 2.12 The reference current and PV module current at a series of values of solar 
irradiance. 
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Fig. 2.13 PV module power vs voltage at a series of values of solar irradiance with 
improved MPPT with current mode control. 
2.7.3.3 	Effect of Perturbation Step-Size 
Duty-cycle perturbation step-size has high influence on the performance of the 
MPPT techniques. Fig. 2.14 shows the effect of perturbation step-size on the power 
extraction of improved MPPT with current mode control. The perturbation step-size 
varies with different values of x, according to the eq. 2.9. The higher values of x can 
track the MPP quickly, but it fluctuates more around the MPP, which results in more 
loss of power. The value of x = 50, as shown in the simulation results of Fig. 2.14, 
causes more loss of power having more oscillation around the true MPP. 
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PV panel voltage (V) 
Fig. 2.14 PV module power vs voltage at different values of perturbation step size 
with improved MPPT with current mode control. 
2.7.3.4 	Effect of Switching Frequency 
Fig. 2.15 shows the p-v characteristics of the photovoltaic panel at different 
switching frequency of the dc-dc converter. The simulation result shows that the 
performance in 10 kHz is better as the MPPT technique can track the true MPP more 
efficiently than at 5 kHz. Less power can be obtained in 5 kHz switching frequency 
for the specified system. 
PV panel voltage (V) 
Fig. 2.15 PV module power vs voltage at different frequencies with improved MPPT 
with current mode control. 
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Fig. 2.16 PV module power vs voltage at different sampling rates with the improved 
MPPT with current mode control. 
2.7.3.5 	Effect of Sampling Rate 
The effect of sampling rate on the improved MPPT technique with current mode 
control can be seen in Fig. 2.16. As the sampling rate changes from 50 x 10 -6 s to 
70 x 10 -6 s in the MATLAB based Simulink/Simpower software simulation system, 
the changes in power harvesting by the MPPT technique is obvious. The power 
extracted by the MPP tracker reduces with the decrease in the sampling rate. 
2.8 Conclusions 
This chapter focuses on the maximum power point tracking techniques of 
photovoltaic power systems. The study summarizes the existing MPPT techniques, 
and their merits and demerits. Some important limitations that affect the performance 
of MPPT techniques are identified. Afterwards, design considerations and control 
parameters which recognize the vital significant issues for designing MPPT 
algorithms are discussed. 
The results show that the improved MPPT technique with current mode control can 
track the MPP at different solar insolation. Especially, the generation the reference 
current with the change in solar irradiation is noticeable. The effect of perturbation 
Chapter 2 	Maximum Power Point Tracking of the Photovoltaic Module 	 34 
step size, switching frequency and sampling time is also noticeable from the 
simulation results. A higher perturbation step size enhances more oscillation around 
the true MPP. A lower switching frequency lessens the harvesting amount of PV 
power from the PV panel. On the other hand, the MPP is less efficiently tracked with 
fewer sampling data. Nevertheless, a proper optimization of several parameters is 
essential for the optimal performance of the MPPT techniques. The simulation study 
confirms that the improved MPPT technique with current mode control can extract 
maximum power under varying weather conditions. 
Chapter 3 
Current Mode Control of Switch-mode DC-DC 
Converters 
3.1 Introduction 
In photovoltaic power systems, a dc-dc conversion stage followed by a dc-ac 
conversion stage is used to make the photovoltaic (PV) module power suitable for ac 
loads. The dc-dc converter is responsible for boosting the voltage and ensuring 
maximum utilization of the PV array power. Most importantly, in PV systems, the 
function of a dc-dc converter is to supply a regulated dc output voltage irrespective 
of the load variations and input fluctuations. The utility ac voltage is usually 230V, 
and thus requires a dc voltage of around 400V at the output of the dc-dc converter. 
As the PV module voltage is usually below this level, the system boosts up the 
voltage level using the dc-dc conversion stage. Since the photovoltaic current, and 
hence the voltage, is subjected to rapid and random changes, the dc-dc converter 
topology and control strategy requires a robust regulation. Different converter 
topologies highlight different aspects of viability in PV applications. There are 
several alternatives available for the control strategy of PV converters. For closed-
loop control of converters, two fundamental mechanisms, voltage mode control or 
current mode control, are generally employed. Depending on the operating 
conditions, dc-dc switch-mode converters may operate either in continuous or 
discontinuous conduction mode. For switching techniques, dc-dc switch-mode 
converters usually use the PWM technique. 
This chapter analyzes the current mode control of dc-dc converters for photovoltaic 
applications. A review of the control techniques of the dc-dc converter will be carried 
out first. Then a comparative evaluation of the voltage mode control and current 
A version of this chapter has been published. K. N. Hasan, M. E. Hague, M. Negnevitslcy and K. M. Muttaqi, "Performance 
Analysis of VMC and CMCs of Switch-Mode Converters for Photovoltaic Applications", IECON, Nov. 2008, Florida, USA. 
K. N. Hasan, M. E. Hague, M. Negnevitslcy and K. M. Muttaqi, "Output Quality Evaluation of Photovoltaic Systems with 
Different Current Control Methods of Switch-Mode Converters", ICHQP, Sep. — Oct. 2008, Wollongong, Australia. 
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mode control will be carried out, followed by analysis of the dc-dc converter together 
with control techniques. The simulation model of the photovoltaic power system 
with current mode control will then be presented, considering input fluctuations and 
load variations. Steady-state analysis and dynamic responses of photovoltaic systems 
will also be investigated, and harmonic analysis will be performed. Finally, 
simulation results and discussions will be provided. 
3.2 Review of Control Strategies for DC-DC Converter 
The function of a dc-dc converter is to provide a regulated dc output voltage 
irrespective of the change in input parameters and load. Hence, the control of the 
output voltage is usually performed in a closed-loop manner using the negative 
feedback principle. Fig. 3.1 presents the fundamental concepts of the closed-loop 
feedback control of dc-dc converters. 
Commonly used closed-loop principles for PWM dc-dc converters are voltage mode 
control and current mode control. The working principles of the voltage mode and 
the four most popular current control methods are briefly explained below. 
3.2.1 Voltage Mode Control 
The voltage mode control senses the output voltage of the dc-dc converter and 
compares it with a reference voltage. The comparator calculates the error. Then the 
compensator generates the input to the PWM modulator to provide the switching 
pulses. An important advantage of this method is the ease of implementation and 
simplicity [44-46]. Fig. 3.2 shows the voltage mode control method for the control of 
converter. 
Sensor 
Fig. 3.1 Basic working principle of a dc-dc converter. 
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Fig. 3.2 Voltage mode control method for the control of converter. 
The error amplifier reacts to change the converter output voltage. Thus, the voltage 
mode control provides good load regulation. Nevertheless, the line regulation of 
voltage mode control is comparatively slower, as the change in input must first be 
sensed as the change in output voltage before any action is taken. 
Generally, the slower response of voltage mode control makes it redundant in PV 
applications. Any change in the PV system source or load is first sensed as an output 
change, and then gets corrected by the feedback loop. The loop gain of the voltage 
mode control also varies with the change in input voltage. 
3.2.2 Current Mode Control 
The current control method employs a current feedback loop in addition to the 
voltage feedback loop. A current mode control technique generally uses the current 
from an inductor or a switch, as well as the output voltage error signal. Subsequently, 
it generates input to the PWM modulator or gate pulses as switching signals. Several 
methods are proposed for the control of the input current of dc-dc converters [44-48]. 
Generally, the solar module is modelled as a current source. So, the converter is 
responsible for active control of the current waveform. Several approaches are 
available to obtain the required dc voltage by the use of the effective control of the 
dc-dc converter. A short review of the four methods examined in the research is 
presented here. 
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3.2.2.1 	Average Current Control 
The average current control method measures the input current and compares it with 
a reference voltage. A comparison of the sensed voltage, (which is proportional to 
the input current), with feedback voltage, produces an error signal to drive the 
controller and the PWM modulator [48-51]. Fig. 3.3 shows the average current 
control method. 
The average current control method employs the sensed input current to follow the 
output reference waveform. To obtain the input current which is supposed to be 
proportional to the input voltage, the reference voltage is derived from the sensed 
input voltage waveform. Hence, the sensed input current is proportional to the input 
voltage. 
This method performs well in both continuous and discontinuous conduction mode. 
It also works well over a wide range of input voltages and load power. The average 
current control method uses the feed-forward as well as a feed-back signal. This 
allows the system to obtain a stable dc voltage by cancelling the source side 
disturbances. Feed-forward signals can cause the converter dc output voltage to be 
less sensitive to the variations in the source voltage. 
L 	 D 
PV 
source 
.. 
Fig. 3.3 Average current control method for the control of boost converter. 
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The input current passes through a sensor resistor. The voltage across the sensor 
resistor is then taken through an amplifier circuit. The output voltage of the amplifier 
circuit is proportional to the average value of the input current, defined by the 
equation, 
vs (t)= Rs lis (01 7; 	 (3.1) 
This voltage is compared to the reference voltage V. (t) . Consequently, an error signal 
is produced which is used to drive the compensator network and the PWM driver. 
The reference, V. (t), used in this stage, comes from the following formula, 
vr (t)= kxv,,,(t)vcontroi(t) 	 (3.2) 
The emulated resistance can be obtained as, 
v,. (t) 
R 	vin(1 ) _  kxvcontrol(t)  , = 
is (t) 	vs (t) 
Rs 
Hence, 
Rs 
kxvcontrot(t) 
As can be seen in the block diagram and eq. 3.3, a multiplier is used to adjust the 
emulated resistance and average power flow. 
In this control scheme, average power flow and output voltage are regulated by the 
variation of the emulated resistance Re . The control loop continually adjusts R, to 
maintain the balance of the average converter power and the load power, such that 
the following relation is obeyed, 
2 V1n rms 
Pav ' rioad (3.5) 
3.2.2.2 	Current Programmed Control 
In this method, the converter switch current (isw ) is measured and compared with the 
control current. The control current comes from the feedback loop. The comparator 
output drives a latch [48, 52, 53]. The current programmed control is shown in Fig. 
3.4. 
R, = 
(3.3) 
(3.4) 
Chapter 3 	Current Mode Control of Switch-mode DC-DC Converters 	 40 
PV 
source 
Fig. 3.4 Current programmed control method for the control of boost converter. 
The current prop-am control method employs a programmed current which is 
proportional to the input voltage. The control signal is used to stabilize the output 
voltage magnitude. In the conventional current programmed control scheme, the 
control current a s control) is simply proportional to the input voltage by the following 
relationship, 
icontrol(t) 
Re 
This method ensures that the converter output is controlled by choice of the peak 
switch current. The peak switch current follows the control current, and a simple 
control network turns the switches ON or OFF. Consequently, the switching duty 
cycle depends on the control current, converter inductor current, capacitor voltage 
and input voltage. 
An artificial ramp with sufficiently large slope m a is necessary to stabilize the 
current programmed boost converter. There is a minimum value of the artificial ramp 
at all static operating points. Erickson et. al. [48] propose a value for the artificial 
ramp which can be expressed as, 
m, = — 
2L 
V 	 (3.7) 
vin (t) (3.6) 
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3.2.2.3 	Hysteretic Current Control 
The hysteretic current control method works with a variable frequency within a given 
limit. The hysteretic controller provides the gate signal for switching 'ON-OFF' as 
necessary to maintain a waveform within a set limit [48, 54-56]. Fig. 3.5 shows the 
hysteretic current control method. 
The switch is in either the on or off position according to the response of the zero 
current detectors. A zero current detector is used to sense the inductor current (iL
)
. 
Consequently, the zero current detector sets a latch, turns the switch ON and initiates 
a switching cycle. As expected, the inductor current increases when  the switch is ON, 
and decreases when the switch is OFF. Meanwhile, the switch current is also 
monitored, and is compared with a reference voltage v r (t) that is proportional to the 
applied input voltage v,,,(t) . When the sensed current is equal to the reference, the 
latch is reset and the switch is turned OFF. 
In the hysteretic current control system, the converter power stage is to be designed 
carefully, as the switching frequency can vary over a wide range according to system 
design. 
PV 
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Fig. 3.5 Hysteresis current control method for the control of  boost converter. 
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3.2.2.4 	Nonlinear Carrier Control 
The nonlinear carrier control method uses a current transformer to obtain the switch 
current (isw ) , which is then integrated. The output of the integrator is compared with 
the output of the nonlinear carrier generator. The carrier voltage is generated from 
the double integration of the feedback voltage. The output of the comparator then 
goes to the latch which generates gating pulses [48, 57, 58]. The nonlinear carrier 
control method is shown in Fig. 3.6. 
The nonlinear carrier controller is inherently stable and free from stability problems. 
In this method, the switch current is controlled. Hence the switch current is sensed 
and integrated. The integration offers the advantage of improved noise immunity. A 
simple way to generate the parabolic carrier waveform uses two integrators, as 
illustrated in Fig. 3.7. 
Fig. 3.6 Nonlinear carrier control method for the control of boost converter. 
Vcontrol 
Clock• 
Fig. 3.7 Generation of parabolic carrier waveform by double integration. 
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The slowly varying control voltage (vco„,,i ) is integrated, to obtain a ramp waveform 
whose peak amplitude is proportional to (v„„„0/ ). The dc component of this 
waveform is removed, and then integrated again. The output of the second integrator 
is the parabolic carrier (v c ) . Both integrators are reset to zero before the end of each 
switching period by the clock generator. The amplitude of the parabolic carrier, and 
hence the emulated resistance, can be controlled by the variation of (vcont,i ). 
3.3 Voltage Mode vs Current Mode Control 
In the voltage mode control, one stage of comparison is made, followed by 
compensation. Whereas, in the current mode control, two stages of comparison are 
performed before compensation. Voltage mode control uses only the feedback signal, 
while current mode control uses both the feedback and feed-forward signals to make 
a stable output voltage. Consequently, in voltage mode control, any change in the PV 
system source or load is first sensed as an output change, and then corrected by the 
feedback loop. On the other hand, current mode control can sense the input change 
quickly, as it uses feed-forward control. Figs. 3.8 (a) and (b) show the voltage mode 
control and current mode control techniques, respectively as block diagrams. 
The voltage mode control senses the output voltage of the converter and compares it 
with a reference voltage. The comparator calculates the error. Then the compensator 
forms the input to the PWM modulator to provide the switching pulses [59]. 
Generally, the voltage mode control has a slow response, which makes the VCM 
redundant in PV applications. The loop gain of the voltage mode control also varies 
with the change in input voltage [44]. 
In contrast, the current mode control uses a pair of nested loops. The outer loop 
compares the output voltage with a reference voltage whereas the inner loop derives 
an error signal from the difference of the feed-forward current and the compared 
resultant voltage of the outer loop. Thus, the error provides the gate signals for 
switching pulses [59]. The current mode control is usually adopted because it 
exhibits, in general, better safety, better stability and faster response [45, 60-64]. The 
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current mode control has higher control to output gain and crossover frequency in 
comparison with the voltage mode control. The closed-loop phase response of the 
current mode control is smoother than that of the voltage mode control. The current 
mode control has a faster response in case of very high speed load transients [45]. 
Furthermore, no additional circuitry is needed to sense the inductor current as it is 
already in place from the current feedback loop [62]. Some characteristics of the 
voltage control and current control methods are listed in table 3.1. 
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Comparator 
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and 
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(b) 
Fig. 3.8 Conventional (a) voltage and (b) current mode control techniques. 
Table 3.1 Notable characteristics of the voltage and current mode control methods 
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Current mode control methods are recommended for the systems natured with 
current source power supply, where faster dynamic response is needed. Current mode 
control is also suitable to eliminate delayed response and gain variation with changes 
in input voltages. Considering the facts mentioned above, it seems that current 
control method can be a good solution for photovoltaic power control. 
3.4 Analysis 
3.4.1 	Boost Converter Analysis 
A switch-mode power supply consists of the power stage and the control circuit. The 
power stage performs the basic power conversion while the control circuit employs a 
method to stabilize the converter. 
One popular method to simplify the converter analysis procedure is to represent the 
converter through a PWM switch model [48, 65, 66]. The result of the PWM switch 
analysis is a simple small-signal model which replaces just the nonlinear switching 
elements of the PWM converter. The simple form of the PWM switch model is 
shown in Fig. 3.9. Terminal a (active) and p (passive) connects to the active and 
passive switch respectively. Terminal c (common) is common to both the active and 
passive switches. The PWM switch model is useful for determining the dc operating 
point and ac transfer function of a power stage. 
Fig. 3.9 PWM switch model for continuous-conduction-mode small signal analysis. 
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Fig. 3.10 Boost power stage with PWM switch model for continuous-conduction- 
mode small signal analysis. 
The boost converter with inserted PWM switch model into the power stage circuit is 
shown in Fig. 3.10. The dc analysis and ac small-signal analysis are presented below. 
For dc analysis, a is zero, L is short, and C is open. Then a simple loop equation 
gives: 
—V, + RLi, +V 	V, = 0 
	 (3.8) 
+ RLi„ +Vap D+V, =0 
—V; + RL ic — Vo D + V, = 0 
	 (3.9) 
Since, 
 
, 	1 
1,=—x 
R 1—D 
Substituting the value of Ic in eq. 3.9, and after rearranging, 
V, 	1 Vo D + RL x—x =V, 
R 1— D 
RL 
	
f/0 [1 D+ 	
D) 
 =V 
121 
[ 	
t 
V, (1—D) 1+  RL , ) — V 
(1— D) ` R 
(3.10) 
Vo = icax(—DL2 IIRIIC) 
The transfer function is the sum of eqs. 3.12 and 3.13: 
G .Vo = VaP x 	Rii C  
dv 
+ D x d L + (1? II C)
c 
 D2 
D2 
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V. 	1 
Vo = 1— D x 	RL  1+ 
(1— D)2 R 
(3.11) 
To derive the control-to-output transfer function, superposition principle is used here. 
First, we set the V, source to zero. This shorts the input to the 1: D transformer. 
Further, we push the inductor through the transformer. The resultant boost power 
stage is shown in Fig. 3.11. 
Fig. 3.11 contains two dependent sources. The transfer function can be expressed as a 
superposition terms arising from these two sources. When the current source is set to 
zero, the output can be expressed as, 
• = Vap a x 	RiiC 	 (3.12) 
D (R C) 
D2 
When the voltage source is set to zero, the output voltage can be expressed as, 
(3.13) 
(3.14) 
By algebraic manipulation, the control-to-output transfer function for the boost 
power stage can be expressed as eq. 3.15, 
vo 
Fig. 3.11 Manipulation of boost equivalent circuit to find the control-to-output 
transfer function. 
s 2 + 77s +5000 
—26s 2 — 5000s +4000000  
Gth, (3.21) 
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wo  
1 	1 
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(3.20) 
Boost converter small-signal transfer function from the duty cycle of the switch to 
the boost converter output in continuous conduction mode contains a gain term, 
double pole, one LHP zero and one RHP zero. As boost converter has RHP-zero, it is 
more difficult to stabilize a boost converter when it is running in CCM. The boost 
converter's double pole and RHP-zero are dependent on the input voltage, output 
voltage, load resistance, inductance, and output capacitance. 
The simulated circuit, where L = 100mH , C = 500pF , R = 300 , V; = 200V and vo = 400V 
leads to the control-to-output transfer function, 
Eq. 3.21 gives the bode plot as shown in Fig. 3.12, 
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Fig. 3.12 Bode plot of control-to-output transfer function of boost converter. 
3.4.2 	Current Mode Control Analysis 
There are some factors to be considered for the current mode control techniques. 
Those are modulator gain, slope compensation and the suitable slope of the 
compensating ramp. The slope compensation depends on the relation of average 
current to the value of the current at the time the sample is taken [48, 66, 67]. 
Control-to-output gain of a boost converter can be expressed as, 
Vout = K x 	Rout  
Vc 	m  Rout +(lC„,xRi) 
(3.15) 
Control voltage 
,..--....,--„,-,..„....„ 
Sensed current ramp Duty cycle 
//VV V , 
 ramp 6 
Fig. 3.13 General implementation of the current mode control modulator. 
Chapter 3 	Current Mode Control of Switch-mode DC-DC Converters 	 50 
where, the current sense gain, R 1 = G I x R3 , the current sense amplifier gain, G I , the 
resistance of the series resistor, R, the modulator voltage gain, 
K = 
 
(3.16) 
(0.5- D)x R 1 x —
T 
+ Vsa flout 
and the fixed slope, 
V.Si. =SE XT 
The dominant pole of the transfer function appears at, 
1 	) 
CO = 	X 	+ 
C OU ROM K x R 1 
(3.17) 
(3.18) 
The inductor pole appears when the impedance of the inductor equals the current 
loop gain, 
X 
(DL = L (3.19) 
An optimal compensating slope can ensure the stability of the current loop, by 
damping the tendency of sub harmonic oscillation. The optimum slope of the ramp 
presented in the modulating comparator input is equal to the sum of the absolute 
value of the inductor up-slope and down slope scaled by the current sense gain. 
Hence, the current mode slope compensation is, 
	
riminP  - v x RI 	 (3.20) 
T 	L 
Ramp slope for the boost converter can be expressed as, 
Up-slope, 
(3.21) 
Down-slope, 
(Vora - Vin)x- 
L 
(3.22) 
The type of control has been analyzed here uses the instantaneous value of the 
inductor current once in every switching cycle to control either the turn-on or turn-off 
of the power switches. Fig. 3.14 shows the basic implementation of the current mode 
control techniques. 
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Fig. 3.14 General concept of current control method for the control of the converter. 
3.5 Simulation Model 
The simulation model has been developed using Matlab/Simulink dynamic system 
simulation software. A Simulink model of PV module is used as the PV source [68]. 
This model takes solar irradiance and PV module current as input and gives PV 
module voltage and power as the output. Different parameters of the circuit, such as 
short circuit current, open circuit voltage, current and voltage at MPP can also be set 
in the model. The PV module is designed for 3kW output power which can support a 
typical residential system. The dc-dc converter of the system is designed for 200V dc 
input voltage, which can be boosted up to 400V dc. The inverter output provides a 
230 V, 50 Hz voltage while 2 kW, 3 phase parallel RLC load is fed by the PV 
system. The simulation model is designed according to the system power capability 
requirements. All of the PI and PID controller parameters of the control loops are 
tuned using Zeigler-Nichols tuning method and have chosen the optimum values for 
the system specifications. Table 3.2 shows the specifications of the system. The 
parameters are chosen on trial and error basis to support the specified loads. 
3.6 Simulation Results and Discussion 
The responses of PV power conversion systems with different current control 
techniques are obtained through simulations. Figs. 3.15-3.19 show the simulation 
results of PV power conversion systems using the four current control techniques as 
discussed earlier. System stability, transient response and power quality issues are 
also investigated. 
:CPC 
-+ 	-I - 
:ACC 	HCC 
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Table 3.2 System specifications 
Input voltage 180 — 220 V 
Switching frequency 25 kHz 
Converter mode VMC, CMC 
Inductor value 10 mH 
Capacitor value 500 iff 
Converter output voltage 380 V dc 
Inverter output voltage 230 V ac 
3.6.1 	Effect of Control on Converter Output Voltage 
Fig. 3.15 shows the output voltage responses of the dc-dc boost converters for PV 
applications simulated with four different current mode control techniques. The 
average current control and current programmed control have a very high percentage 
of overshoot, at 81% and 95%, respectively. The hysteresis current control method 
offers a low overshoot and small fluctuations at the output voltage. The nonlinear 
carrier control method also has no overshoot though it contains some ripple at the 
output voltage. It is noted that, the average current control (395V), current 
programmed control (398V) and nonlinear carrier control (405V) can support the 
desired 400V output voltage level at the converter output, while the hysteresis 
current control (373V) is far below this level. 
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Fig. 3.15 Output voltage of photovoltaic boost converter with different CCMs. 
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3.6.2 	Effect of Control on Dynamic Performances 
Dynamic responses of the current mode control techniques are presented in Fig. 3.16. 
To investigate the dynamic performances, loads are disconnected at  a time instant of 
0.6 sec. and then reconnected at the time instant of 0.7 sec. By this time, the average 
current control offers a voltage fluctuation of 29% below and 34% above its steady 
state value. For the current programmed control, the voltage goes  down by 33% and 
rises to 53% of average dc level. The hysteresis current control (27% below and 40% 
above) and nonlinear carrier control (53% below and 15% above) also suffer 
significant fluctuations in the output voltage during dynamic response analysis. 
3.6.3 	Effect of Input Variations on Control Schemes 
The simulation platform is designed for the photovoltaic system with 200V input to 
the dc-dc converter. Fig. 3.17 shows the output voltage of the converter for a ± 10% 
input variation from the specified limit. The hysteresis current control (HCC) offers 
the best performance for input variations. For a ± 10% input voltage variation, the 
output voltage of the dc-dc converter changes by 2% for the average current control 
(ACC) and by 3% for the current programmed control (CPC). The output voltage of 
the hysteresis current control changes by 1.5% and for the nonlinear carrier control 
(NCC) it is 2.6% with ripples. 
HCCt—D- 
5' 
 
500 	  
CPC	 
■ 	i 600 
'—' 400 _,,,,„......._ ._....,„,.....16 
0, 
-7, 300 
> 
200 
NCCI-30. 
0.4 	0.5 	0.6 	0.7 
	
0.8 
	
0.9 
Time (s) 
Fig. 3.16 Dynamic response of converter with different CCMs. 
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Fig. 3.17 Effects of input variations on converter with different CCMs. 
3.6.4 	Effect of Load Changes on Control Schemes 
To investigate the impact of load variations on the performance of the control 
strategy of dc-dc converter for PV systems, the load is changed from lkW to 3 kW 
(Fig. 3.18). Initially, a 3 kW load is fed by the PV system. Then, at 0.4 sec., a 1.5 kW 
load is connected to the system. At this time, the voltage level rises by 20% for both 
the HCC and NCC. For the ACC and CPC, some fluctuations occur at the output 
voltage. At the time of 0.6 sec, a 1 kW load is connected to the system. There is no 
significant change of voltage at this load variation. At the time of 0.8 sec., the system 
returns to supply a 3 kW load. The simulation result suggests that the HCC and the 
NCC is the most responsive with load changes. On the other hand, the CPC shows 
the best performance with load fluctuations. The ACC also performs well with load 
variations. 
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Fig. 3.18 Effects of load changes on converter with different CCMs. 
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3.6.5 	Effect of External Disturbances on Control Schemes 
The disappearance of sunlight for a short time due to cloud is a common event. With 
sudden external disturbances, such as the input voltage falls to zero and then 
recovers, the CPC (345V-440V) offers the best result, as shown in Fig. 3.19. In this 
case, the NCC (80V-430V) shows the worst performance. The performance of the 
ACC (180V-580V) and the HCC (215V-374V) are also not satisfactory. 
3.6.6 	Effect of Control on Inverter Harmonics 
The total harmonic distortion (THD) is an important factor of the PV power systems 
since switching actions and power electronic interfaces are associated with these 
systems. Simulation study reveals (Fig. 3.20) that the simulated system offers THD 
below the IEEE standard recommended limits (THD<5%) [69]. The HCC shows the 
best performance regarding THD whereas the ACC has the highest THD among all 
of the observed current control methods. 
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Fig. 3.19 Effects of external disturbances on converter with different CCMs. 
Fig. 3.20 THD at the output of the inverter with different CCMs. 
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3.7 Comparative Assessment of Different Control Methods 
Table 3.3 represents different response of PV systems associated with voltage mode 
control (VMC) and four different current mode control techniques. It is shown that 
the VMC has the highest settling time and high overshoot. Transient response of the 
VMC is also not satisfactory. The ACC has very high overshoot and the highest 
THD. This control method performs well during transient response and in case of 
sudden load changes. The ACC and NCC provides high ripple (6%) in converter 
output voltage. The ACC has the highest settling time (0.45 s) while the NCC 
reaches very fast to its final steady state value. The CPC shows good performance in 
case of input variations, load changes and external disturbances. Overshoot is very 
high for the CPC. It offers the worst dynamic performance. On the other hand, the 
HCC provides very low percentage of overshoot. The HCC also shows a promising 
result regarding input variations. The response of the HCC is the worst with load 
changes. The NCC is not suitable for input variations, load changes and external 
disturbances. The NCC performs well concerning parameter sensitivity. Table II 
reveals that the output voltage of inverter is within the desired band limit for all of 
the current control methods. Simulation results demonstrate that the THD remains 
within acceptable limits for all four methods although the HCC provides the best 
performance (2.33%). 
Table 3.3 Comparative assessment of different control methods 
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3.8 Conclusions 
The performances of different control methods of dc-dc converter controller for PV 
power systems in various operating conditions are investigated in this chapter. A 
photovoltaic system is modeled and different controllers are implemented using 
MATLAB/ Simulink. The performances of the average current control, current 
programmed control, hysteresis current control, and nonlinear current control 
techniques have been analyzed and compared. Transient response and power quality 
issues of the PV systems operated with different current controllers at different 
working conditions have been investigated. Effects of input variations, load 
fluctuations and external disturbances have also been analyzed. It is evident from the 
simulation study that none of the control method can offer an ideal solution. The 
control techniques can be selected based on the working conditions. 
Chapter 4 
Control of Battery Storage with a Bidirectional 
Converter 
4.1 	Introduction 
In photovoltaic power systems, a photovoltaic module produces irregular and 
fluctuating electric power, and therefore requires energy storage to supply continuous 
power to loads. Generally, a stand-alone photovoltaic power system uses energy 
storage to support inadequate solar irradiation. Fig. 4.1 shows the discrepancy 
between the available photovoltaic power and the demand of the electric load 
connected to the photovoltaic power system. An energy storage system can store 
excess energy when ample photovoltaic power generation occurs, especially, at 
midday. Additionally, the storage system can support the load for periods of low 
photovoltaic power generation, particularly, at night. So, in photovoltaic power 
applications, an energy storage system acts as a complementary source with the 
photovoltaic source. There are several alternatives available for energy storage 
devices, such as battery, supercapacitor, hydrogen electrolyzer, flywheel, pumped 
hydro, compressed air and hybrid storage. The most common technology used in 
photovoltaic energy storages is the battery storage, due to its availability, low cost 
and simple technology. The bidirectional converter which is used to charge and 
discharge the battery plays an important role in energy storage systems. The control 
algorithms and controller implementations involve a high level of complexity. 
Another noticeable consideration is the capacity of the energy storage as it is related 
to the cost and reliability. 
This chapter focuses on control strategies for the energy storage of photovoltaic 
systems. An overview of photovoltaic energy storage systems will be presented first. 
Different alternatives for the storage elements, system configurations, converter 
A version of this chapter has been published. K. N. Hasan, M. E. Hague, M. Negnevitsky and K. M. Muttaqi, "Control of 
Energy Storage Interface with a Bidirectional Converter for Photovoltaic Systems", AUPEC, Dec. 2008, Sydney, Australia. 
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Fig. 4.1 The discrepancy between the generated PV power and load. 
topologies and control techniques will be discussed. A novel control technique for 
battery charger control is proposed in this chapter. A simulation model of the 
proposed control algorithm for a photovoltaic energy storage system is analysed. 
Finally, the proposed control algorithm is verified through simulation studies based 
on MATLAB/Simulink/Simpower. 
4.2 	Overview of Photovoltaic Energy Storage Systems 
The integration of photovoltaic power systems and energy storage schemes is one of 
the most significant issues in renewable power generation technology. Optimal 
design of an energy storage system for photovoltaic power applications requires 
consideration of storage options, system configurations, converter topologies and 
control techniques. 
4.2.1 	Storage Options 
4.2.1.1 Battery 
Batteries are the most commonly used energy storage systems over a wide range of 
ratings and applications. A battery bank is usually used in photovoltaic energy 
storage systems due to its high round-trip efficiency, wide availability, low cost and 
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easiness in charging and discharging [70, 71]. A battery consists of electrochemical 
components. Charging a battery causes a reaction in the compounds, in order to store 
the electrical energy in chemical form. The reverse chemical reaction releases the 
electrical energy from the battery upon demand. A battery storage system can be 
located almost anywhere and can be installed easily. 
4.2.1.2 Hydrogen/ Fuel Cell 
Hydrogen energy storage systems are another promising storage option for 
photovoltaic applications. In this scheme, the excess energy produced with respect to 
the load, is sent to the electrolyzer for hydrogen production. When energy produced 
from the PV module becomes insufficient, the stored hydrogen is fed to the fuel cell 
to produce electricity [70]. This type of energy storage system is suitable for long-
term energy storage. The problems associated with this type of storage system are the 
high initial cost, and complexity in the control system. Moreover, a hydrogen-based 
storage system would include more components including an electrolyzer, storage 
tanks and fuel cells. Additionally, the hydrogen storage system cannot respond to 
emergency and momentary power needs [72, 73]. 
4.2.1.3 Supercapacitor or Ultracapacitor 
Supercapacitor-battery hybrid energy storage systems for stand-alone photovoltaic 
systems are presented in [71]. The supercapacitor contains a higher power density 
than the battery, which allows the supercapacitor to provide more power over a short 
period of time. Conversely, the battery has a higher energy density to store more 
energy and release that over a long period of time. The supercapacitor-battery hybrid 
energy storage system integrates the advantages of both technologies. The 
supercapacitor can supply high peak power requirements, such as for motor start-up, 
whereas the battery can supply low power requirements [72]. 
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4.2.1.4 Compressed Air 
Compressed air energy storage systems use photovoltaic power to compress air, and 
store the compressed air at high pressure in an underground reservoir, when excess 
energy is generated from the photovoltaic module. During peak demand, the 
compressed air is then released and combined with other fuels to drive a turbine-
generator set [72-75]. Compressed air energy storage systems utilize two-third less 
fuel then conventional units and are able to start up within tens of minutes [76]. The 
drawbacks of these systems are the need for special arrangements, equipments and 
very large reservoirs. 
4.2.1.5 Flywheels 
Flywheel energy storage systems store energy in a rotor spinning at extremely high 
velocities. It can produce electrical power on demand from the stored energy. 
Flywheel energy storage systems have the ability to respond quickly to tens of 
thousands of cycles per year with high durability [77]. These systems are more 
suitable to enhance the power quality of the grid than to support the load for a long 
time. 
4.2.1.6 Pumped Hydro 
Pumped hydro storages can also be used in photovoltaic energy storage systems. 
During off peak hours, the surplus power is used to pump water from a lower 
reservoir to a higher reservoir. Then during peak demand, the water is released to 
turn the turbine ON and produce electrical energy. The drawback of this technology 
is the requirement of large reservoir and suitable geographic location. Additionally, 
pumped hydro storage is costly and takes a long time to plan and build [72]. 
The choice of energy storage system depends on several factors including load 
requirements, system demand, geographic location, storage capacity and cost. Table 
4.1 compares the six most widely used energy storage devices considering their 
efficiency and maximum capacity [72-74]. 
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Table 4.1 Comparison of energy storage options 
Storage 
Components 
Efficiency (%) Maximum capacity 
Individual System Power Hours 
Battery 75 60-80 10 MW 4 
Fuel Cell 40 60-85 50 MW - 
Supercapacitor 95 85-95 - - 
Compressed Air 70 90 350 MW 26 
Flywheel 90 80-85 100 KW 3 
Pumped Hydro 90 70-80 1000's MW Days 
4.2.2 	System Architecture 
Proper orientation and integration of different components are key issues for the 
optimal operation of battery storage systems. Hence, system architecture plays a great 
role in photovoltaic energy storage systems. Alternative configurations place 
different system components at different positions. A residential photovoltaic energy 
storage system as shown in Fig. 4.2 has been proposed in [78]. In this arrangement, 
the photovoltaic power is transferred to the load through a unidirectional and a 
bidirectional converter, and a considerable amount of power loss occurs in each 
conversion stage. Hence, system efficiency deteriorates with an increasing number of 
power conversions. These disadvantages arise from the fact that both of the 
converters in the system process the photovoltaic power. 
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Fig. 4.2 A photovoltaic battery storage system with series connected components. 
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If the system is designed for dc loads, the components are to be connected as shown 
in Fig. 4.3. This is a very simple structure which is especially suitable for portable 
small photovoltaic systems and telecommunication equipment [79]. Depending on 
the availability of photovoltaic power, the converter used in this architecture operates 
as boost or buck for charging the battery and supporting the load. Hence, the 
converter designed for this configuration is complicated. 
In some system configurations [70, 80-82], the battery-bank is directly connected to 
the de bus without a bidirectional converter. This configuration requires more battery 
stacks and reduces the system efficiency. Also, the battery life is degraded without 
proper control of charging and discharging of the battery. Though series strings of 
storage batteries provide high voltage, a slight mismatch or temperature difference 
can cause charge imbalance if the series string is charged as a unit [83]. Such high 
voltage batteries are expensive and produce more arcing on the switches than low 
voltage batteries. Another problem with higher voltage batteries is the possibility of 
one cell failing. A faulty cell would produce lower voltage, however, in an extreme 
case; one open cell could break the current flow [84]. 
PV source 	 converter 	 battery 	load 
Fig. 4.3 A photovoltaic battery storage system suitable for portable dc applications. 
Fig. 4.4 A photovoltaic system with energy storage. 
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Another system architecture of the photovoltaic energy storage, as shown in Fig. 4.4, 
is proposed in [81]. The diesel generator employed in the system enhances reliability. 
But, in addition to the bidirectional inverter, another bidirectional converter is needed 
in this configuration to charge and discharge the battery, which increases the system 
complexity, resulting in complicated control. 
4.2.3 	Converter Topologies 
Bidirectional converters are very important considerations in battery storage systems. 
The number of switches and others components are the main concerns for converter 
selection. The Cuk bidirectional converter has continuous input and output current. It 
needs less filtering and features reduced electromagnetic interference [85]. At 
nominal power, the Cuk topology offers half of the maximum current as compared 
with the flyback bidirectional converter [86]. Moreover, bidirectional converters 
based on Cuk topology, as shown in Fig. 4.5 have only two switches and two diodes. 
An isolated full-bridge bidirectional converter is shown in Fig. 4.6. Here, the low 
voltage side is the current-fed full-bridge, and the high voltage side is the voltage-fed 
full-bridge. In this topology, the additional auxiliary circuit and active clamping 
circuit, consist of auxiliary switch, Saux and clamping capacitor, C. These facilitate 
the zero-voltage-zero-current-switching for voltage fed side and zero-voltage-
switching for current fed side. Furthermore, the resonant current between the 
clamping capacitor C, and the leakage inductance 1, 1 is limited, which improves the 
overall performance [87]. 
Fig. 4.5 Bidirectional dc-dc converter based on Cuk topology. 
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( 8.°  
Fig. 4.6 Isolated full-bridge bidirectional dc-dc converter. 
Fig. 4.7 Boost and buck-boost bidirectional dc-dc converter. 
As buck and boost are basic operations needed for bidirectional converters, 
topologies based on buck and boost circuits are most popular. Fig. 4.7 shows a boost 
and buck-boost bidirectional dc-dc converter. This circuit consists of a boost and a 
buck-boost converter. Two converters are connected in parallel on the low voltage 
side, and connected in series on the high voltage side. This circuit offers zero voltage 
switching which reduces switching losses. This circuit is very efficient, especially for 
photovoltaic applications [88]. 
4.2.4 	Control Techniques 
The control technique is a vital component in photovoltaic energy storage systems. In 
earlier photovoltaic energy storage applications, time based energy scheduling is 
used to manage the mode of operation [78]. The controller employed in these 
methods turns the switch 'ON' to charge the battery at daytime based on the time 
setting. But due to overcast weather, battery charging may be disrupted. 
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Nowadays, the most common method of regulation and control of batteries are based 
on estimation of the state-of-charge of the battery. Different algorithms exist to 
measure the state-of-charge of the battery. Some algorithms rely on records of battery 
history and characteristics. Other algorithms are based on online monitoring and 
measurements. Usually, the charging is stopped at a specific high voltage disconnect 
point, chosen to allow a limited amount of gassing, charge equalization and 
electrolyte agitation, without excessive loss of electrolyte. Similarly, discharge is 
stopped at a specific low voltage disconnect point, chosen to maintain a reasonable 
battery life. 
Common approaches to determining when the batteries are fully charged rely on 
measuring battery terminal voltage by direct measurement of the battery voltage, or 
determining the dV/dt, or measuring the battery impedance changes with charging. 
Moreover, when the battery approaches to the full state-of-charge, the temperature 
begins to rise sharply. So a thermistor can detect the charge termination when dTldt 
(where T is the temperature of the battery) is above a threshold value, meaning, 
charge is halted when the slope of the temperature curve rises above a threshold 
value. Temperature based detection is considered more accurate than voltage-based 
detection because the detection usually happens at the full state-of-charge. As can be 
seen in Fig. 4.8, the voltage method leads the cell to overcharging for a certain time 
until the voltage drop is detected [82]. 
Fig. 4.8 Voltage and temperature profile of a battery for detecting SOC. 
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Fig. 4.9 Battery charging based on on-off control. 
A battery charging approach is presented in [89] based on on-off control as shown in 
Fig. 4.9. The PV current is supplied to the battery and the battery voltage is regulated 
within a floating voltage level. A disadvantage of this method is that during the off 
time of the controller, no energy is transferred to the battery which lengthens the 
charging process. 
An algorithm based on ampere-hour measurement is proposed in [81]. In this 
algorithm the battery SOC is estimated as: 
E(ibat (t)- I gas )At 
SOC k +i = SOC + 
	 (4.1) 
where, sock and soCk+l are the battery state of charge at steps k and k + 1 
respectively, 'bat  is the battery current, /gas is the battery losses and At is the time 
interval and c is the nominal capacity in ampere-hour. 
Batteries can be charged in several different manners. These are float charging, 
intermittent charging, multiple rates charging, and interrupted charging. 
A. Float Charging 
Float charging is performed with constant voltage applied continuously to the battery 
throughout its lifetime, and the battery is allowed to draw as much current as 
required. This method is very common in standby power applications [90]. 
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B. Intermittent Charging 
In this method of charging, the battery voltage is monitored to reach a threshold 
value. When the battery reaches the upper voltage threshold, charging is stopped and 
the battery is kept in open circuit. The battery voltage is monitored until it drops to 
the lower voltage threshold, when charging begins again [91]. 
C. Three Stage Charging 
Three state charging, delivers power to the battery in three steps. The first step is 
bulk charging. The battery is charged at maximum current until it reaches its final 
charging voltage. This step replaces 70-80 % of the battery's capacity at the fastest 
possible rate. The battery is kept in this mode until the charge voltage reaches the 
upper voltage threshold. The charging current is steadily decreased while the battery 
voltage is maintained at the absorption voltage. The final stage is float charging. A 
small current is supplied to the battery to maintain the battery voltage [92]. 
D. Interrupted Charging 
Another battery charging algorithm is interrupted charging. This method charges the 
battery in four modes. At first, the battery is charged with constant current with a 
charge rate of 0.1C to an upper threshold, and then left in open circuit until the lower 
threshold limit is reached. The battery is then pulse charged with a charge rate of 
0.05C until the upper voltage limit is reached again. These are the charge rates 
chosen for optimum operation. The battery is then left in open circuit and is at full 
capacity [92, 93]. 
4.3 	Proposed Control Technique 
The proposed battery charger algorithm, as shown in Fig. 4.10, uses the data obtained 
from the dc bus power and the battery state of charge. Depending on the system 
operating conditions, the operation mode controller generates the control signal. To 
balance the power flow in the system and to achieve power conditioning 
compatibility, this controller operates readily. The battery state-of-charge is adjusted 
to match the power demand of the load. For this reason, the inner power loop works 
with the outer battery state-of-charge to adjust the charging algorithm. 
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Fig. 4.10 Bidirectional converter (battery charging/discharging) control algorithm. 
If the battery state-of-charge is below 80% and the dc link has sufficient power from 
the PV module to charge the battery, then the bidirectional converter acts as a buck 
converter and charges the battery. On the other hand, if the battery state-of-charge is 
above 40% and the load needs support from the battery, then the bidirectional 
converter acts as a boost converter and delivers power from the battery to the load. 
Whenever the battery is overcharged or has no sufficient charge to deliver, then it 
automatically goes to the halt mode. 
Control of the bidirectional converter is the key factor of the power management. To 
manage the energy exchanges between the dc link, the PV module and the storage 
device, three operating modes are employed which are charging, discharging and halt 
mode. 
4.4 	System Configuration 
4.4.1 Power Management 
The purpose of the power management is to satisfy the load power demand and to 
maintain the state of charge of the battery bank within a specified limit to prevent 
blackouts and to extend the battery life. The power management block diagram is 
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presented in Fig. 4.11. As there are two energy sources in the system, it requires 
managing the sources to ensure reliability, optimal operation and cost effectiveness. 
In this case, the photovoltaic generation profile, the residential load profile and the 
battery storage profile needs to be considered. The concept of energy transfer is 
achieved by using a novel control algorithm incorporated with the bus power and 
battery state-of-charge. 
4.4.2 Controller Implementation 
The control strategy used here consists of three parts. First part is the converter 
controller for voltage regulation, the second part is the battery charging and 
discharging controller using the bidirectional converter, and the third part is the 
inverter controller for obtaining ripple-free power. The block diagram of the control 
mechanism is shown in Fig. 4.12. 
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Fig. 4.11 Power management of the photovoltaic energy storage system. 
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4.4.3 Bidirectional Converter Control 
The efficiency, reliability and dynamic performance of the system relies on the 
operation of the bidirectional converter under different modes of operation, so that 
individual parts of the system can operate properly. A buck-boost type high 
performance bidirectional converter, as shown in Fig. 4.13, is used to charge and 
discharge the battery [94]. This bidirectional converter has following properties, 
which enhance its performance: a) power flow with large voltage diversity, b) high 
step-up and step-down ratio, c) soft switching and zero voltage switching, d) reduced 
switching losses due to fewer switches, e) less conduction losses, f) synchronous 
rectification, g) no transformers, h) no magnetizing current saturation, i) less weight 
and volume. 
The voltage gain of the bidirectional converter in the buck state can be expressed as 
[94], 
GV1- VH N(1 - d3 ) + 1 
and the voltage gain of the bidirectional converter in the boost state can be 
represented as, 
VH 2+N 
GV2 = = 
VL 1 - 
(4.3) 
where, VL and VII are the battery terminal voltage and dc link voltage respectively. d3 
and d, are the duty cycle of switch S3 and S, respectively. N is the turn ratios of the 
coupled inductor Lp and Ls, as shown in Fig. 4.13. 
VL 	d3 (1 - d3 ) (4.2) 
Fig. 4.13 Bidirectional converter circuit diagram. 
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4.4.3.1 Charging Operation 
The bidirectional converter operates in buck mode during charging the battery. Three 
switches are used during charging operation. The circuit operation at different modes 
of one switching cycle is shown in Fig. 4.14. During mode 1, the switches S1 and S2 
are OFF, and the switch S3 is ON. In this mode, the current flows through the diode 
D2 to charge the battery. In mode 2, all switches are OFF. For the period of mode 3, 
the switch S2 is ON, and the switches S1 and S3 are OFF. Again, in mode 4, all 
switches are OFF. During mode 5, the switches S 1 and S3 are ON, and the switch S2 
is OFF. Finally, in mode 6, the switches S 1 and S2 are OFF, and the switch S3 is ON. 
Fig. 4.15 shows the switching pulses goes to the different switches at different modes 
of operation. 
Mode 3 
Mode 5 
L 
Mode 2 
L 
Fig. 4.14 Bidirectional converter operations in charging mode. 
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Fig. 4.15 Charging switch state. 
4.4.3.2 Discharging Operation 
The bidirectional converter operates in boost mode while discharging the battery. 
Two switches, S1 and S3, are used during discharging operation. The circuit operation 
at different modes of one switching cycle, and the state of different switches are 
shown in Fig. 4.16. During mode 1, the switch S i is ON, and the switch S3 is OFF. In 
mode 2, the switch Si  is OFF, and the switch S3 becomes ON. For the period of 
mode 3, the switches S 1 and S3 are OFF. Again, in mode 4, the switch S 1 is OFF, and 
the switch S3 becomes ON. During mode 5, the switches S i and S3 are ON. 
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Fig. 4.16 Bidirectional converter operations in discharging mode. 
4.4.4 Battery Model 
A lead-acid battery model is used as per the system power requirements. The rated 
capacity of the battery model is set at 500 Ah. This rated capacity can support 2kW 
loads for approximately 32 hours according to Peukerts law defined by the equation, 
c = /Pt (4.4) 
where, c is the battery capacity (Ah), / is the discharge current (A), P is the Peukert's 
constant and t is the discharge time (hour). For lead-acid battery, the value of P is 
between 1.1 and 1.3. 
Battery type, initial state of charge and discharge characteristics can be set in this 
model. The lead-acid battery has discharging characteristics without exhibiting 
memory effect and superior life-cycle costs for the PV power system applications 
[95-97]. The charger regulates the state of charge of the battery within 40% to 80%, 
as the overcharging and deep-discharging of the battery may degrade the capacity and 
shorten the battery life-cycle. Infrequent or inadequate recharging can also cause over 
discharging symptoms called sulfation. The choice between using more batteries 
operating at shallower discharge rates to extend the life of the batteries vs. using 
fewer batteries with deeper discharge rates and the correspondingly lower initial cost 
is considered carefully [98]. 
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Table 4.2 System specifications of the photovoltaic energy storage system 
Subsystems Speedieation 
IN module 3kW (peak), Isc=5.45A, V0c=22.2V 
_ 
DC-DC converter 
Boost, V,„ = 180 —220V, Vow= —380V, Hysteresis 
current control switching, fs=25kHz 
BidirectionabConverter , V10„= 48V, Vh, gh=380V, Buck-Boost, PWM switching 
Battery 48 V, 500 Ah, Lead-acid 
,. 
Inverter PWM IGBT, Vi n= 380V dc, Vo„t= 230V rms, 50 Hz 
Load -_ 2kW 
4.5 	Simulation Results and Discussion 
Simulation results show the voltages and currents at the different stages of the PV 
simulation system. Fig. 4.17 shows the current and voltage of the output of the dc-dc 
converter. The dc-dc converter gives the output voltage of around 380V at the dc link 
which is either processed by the inverter to support the load or fed through the 
bidirectional converter to charge the battery. As can be seen from the Fig. 4.17, at the 
time of charging the battery, the dc link voltage goes down as more loads are 
imposed on the dc link. At this time, however, the voltage falls by 5% from the stable 
level. The hysteresis current control technique works well to stabilize the dc link 
voltage. Here, the current through the converter is about 5A though it contains a high 
percentage of ripples. The limit of the converter current is important as it is used to 
estimate the rating of the switches and the values of the other parameters which are 
used in the converter circuit. 
The terminal voltage and the state of charging and discharging of the lead-acid 
battery are shown in Fig. 4.18. The battery voltage remains almost constant at 48V 
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during the discharging mode of operation. In the charging mode, however, it goes up 
to 60V. The battery charging and discharging is done uniformly within the specified 
limit of the state of charge. The charging and discharging of the battery depends on 
the battery capacity and the load demands. As the battery capacity is set to a higher 
value and the load is set to a lower value then it takes more time for the charging the 
battery than the discharging, and vice versa. The charger regulates the state of charge 
of the battery within 40% to 80%, as the overcharging and deep-discharging of the 
battery may degrade the capacity and shorten the life span of the battery. 
As it is discussed earlier, the bidirectional converter acts as a buck-boost converter. 
During the charging time, it converts 380V of dc bus voltage to the battery terminal 
voltage of 48V. Whereas during the discharging time, the bidirectional converter 
boosts the 48V of battery terminal voltage to the 380V of dc link voltage. Fig. 4.19 
shows the battery terminal voltage and dc bus voltage. The current through the low 
and high voltage side of the bidirectional converter is shown in Fig. 4.20. The 
direction of the current through the bidirectional converter shows the charging and 
discharging modes of operation. 
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Fig. 4.17 Current and voltage at the dc bus. 
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Fig. 4.18 Voltage and state of charge of the lead-acid battery. 
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Fig. 4.22 Inverter output voltage and load voltage. 
The system is designed for 2kW load, hence the PV module and the battery supplies 
that amount of power to the load. As can be seen from Fig. 4.21, the PV module is 
used to supply 2kW power to the load as well as to charge the battery. When the 
power level of the dc bus goes down from 2 kW to about 1 kW, the battery supplies 
the necessary 1 kW power to the load. This confirms the power transfer among the dc 
bus, battery and load. 
The output voltage of the inverter and the load voltage are shown in Fig. 4.22. The 
inverter output provides a 230 V rms voltage with 50 Hz frequency while 2 kW, 3- 
phase load is fed by the PV system. 
4.6 	Conclusion 
This chapter presents an efficient control scheme for versatile power transfer among 
the PV source, the storage battery and the load. A high efficiency bidirectional 
converter-based battery charger control algorithm is designed for the effective 
management of battery charging and discharging. The bidirectional converter 
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between the dc link and the battery ensures proper charging and discharging as well 
as secure control over the battery. The modes of operations of the battery charger are 
designed to make flexible management and to improve the reliability of the whole 
system through quick control incorporating the assessment of the dc link power and 
the battery state of charge. The supervision of the dc link power and the battery state-
of-charge makes the control scheme well-organized to manage safely the battery 
charger. The modeling and simulation of the system under the proposed control 
strategy is done with the Simulink/Simpower dynamic software simulation system. 
Simulation results are provided to justify the proposed control algorithm. The 
simulated system performs well with a 3kW PV source, a boost-type dc-dc converter, 
a buck-boost type bidirectional converter, a battery bank and a PWM IGBT inverter 
to support a 2 kW load. The hysteresis current control method is used to control the 
dc-dc converter and vector control method is used to control the inverter. A novel 
control strategy is proposed as the bidirectional converter-based battery charge 
controller. Simulation study confirms the feasibility and effectiveness of the control 
strategy and shows the successful coordination of the versatile power transfer. The 
proposed control algorithm is able to supply the dc link power effectively either to 
the load or to the battery according to the requirements, as well as to take power from 
the battery and to protect the battery from overcharging, and thus ensures a long life 
and an efficient management system for the battery. 
Chapter 5 
Hardware Implementation and Experimental 
Evaluation of Current Mode Control of DC-DC 
Converter 
5.1 Introduction 
The employment of current mode control techniques for dc-dc converter controllers is 
investigated in Chapter 3 through MATLAB/Simulink software simulation. This chapter 
deals with the experimental investigation of the current mode control techniques for dc-
dc converter controllers of photovoltaic power systems. Real time control of the dc-dc 
converter is experienced through the dSPACE DS 1104 controller board. The controller 
consists of a real time processor, a controller board, a connector panel, and hardware-
software interfacing systems. 
Real time data are collected through the I10 interfacing connector panel and processed 
inside the real time processor (RTP). The real time application is downloaded and 
executed in the memory of the dSPACE board. Then the switching signals are fed back 
to the converter through the I/O interfacing connector panel. The ControlDesk installed 
in the host PC is the central tool for experimenting with dSPACE systems. In order to 
observe the behaviour of the real time application and to change application-specific 
parameters, the dSPACE experimentation tool ControlDesk is used. The real time 
interface (RTI) is the interface between the Simulink and the dSPACE platform [99]. 
In this chapter, firstly, data acquisition and digital signals processing are discussed in 
this chapter. The dSPACE DS 1104 R&D controller board, real time implementation, 
and dSPACE-Simulink interfacing are discussed in the following subsections. In the 
next sections, hardware implementation, including of the voltage sensor, current sensor, 
and IGBT driver circuit are presented. Then, experimental components and 
experimental set up are presented. Finally, the experimental results and discussion are 
presented, followed by the conclusion. 
digital DACH I DS 1104 DAC_Cl signal 
measured analog 
parameter signal 
signal 
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5.2 Data Acquisition and Digital Signal Processing 
Voltage and current from the electrical circuit are obtained by transducers and 
manipulated for generating control signals. The control signals then drive the IGBT 
switches of the converters. This data acquisition and signal processing involves sensing, 
signal conditioning, sampling and manipulating. Fig. 5.1 shows the data acquisition and 
signal conditioning systems as a block diagram. As this process involves both analog 
and digital data, there is both analog to digital (A/D) and digital to analog (D/A) 
conversion. Here the converter circuit, sensors, signal conditioning circuits, ADCH 1 
and DACH 1 are implemented in the hardware. Conversely, the DS 1104 ADC_Cl, 
digital signal processor and DS1104 DAC_Cl are implemented in the software. The 
hardware part is a prototype photovoltaic power system and associated sensor circuits. 
The software part is built in the MATLAB/Simulink environment. The dSPACE 
controller system is used as the software-hardware interfacing medium. The dSPACE 
system consists of the DS 1104 R&D controller board mounted within a PC, a breakout 
panel for connecting signal lines to the DS 1104 board, and software tools for operating 
the DS 1104 board through the MATLAB/Simulink block diagram. 
Digital control of switch-mode power converters is becoming popular due to the 
availability of low cost, high performance DSP controllers with enhanced and integrated 
A/D converters and pulse width modulators. DSP based digital control allows flexibility 
of control, real-time hardware-software interfacing, high speed signal processing and 
quick modification facilities. Moreover, digital controllers are less susceptible to aging 
and environmental variations and have better noise immunity. 
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Fig. 5.1 Data acquisition and signal processing block diagram. 
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5.2.1 dSPACE DS1104 R&D Controller Board 
A dSPACE DS 1104 R&D controller board is used to obtain the data and to manipulate 
it to generate necessary control signals. The obtained signals from the circuits are 
processed inside the processor in digital form. The processor can be accessed from the 
host computer for on-line monitoring and parameter tuning. The dSPACE software first 
translates the MATLAB/Simulink block diagram into C code. Then it compiles the C 
code to form an executable file for the processor residing on the dSPACE DS1104 
board. Afterwards, dSPACE software downloads the executable code to the processor 
of the dSPACE DS1104 board. 
The dSPACE DS1104 has eight 16 bit D/A converters each with a output range of 10 V 
and can be the source or sink of up to 5mA. The output voltage of the D/A converter can 
be varied from -10V to +10V in 0.305 mV steps. The dSPACE DS1104 contains eight 
A/D channels — the first 4 channels share a single 16-bit a/D converter through an 
analog multiplexer, the remaining 4 channels each have a dedicated 12-bit A/D 
converter. Connections to the A/D and D/A converters are made using BNC connectors 
[100]. 
5.2.2 Real Time Implementation 
The controllers are designed in the MATLAB/Simulink and are executed in real time 
using the dSPACE DS 1104 DSP board. Once the controller has been built in Simulink 
block-set, machine codes are achieved that run on the DS1104 TMS320F240 DSP 
processor. While the experiment is running, the dSPACE DS1104 provides a 
mechanism that allows the user to change the controller parameter online. A dSPACE 
connector panel (CP1104) provides easy access to all input and output signals of the 
DS 1104 board. All currents and voltages are measured using the sensors which will be 
input to the analog to digital conversion channel (ADCH). The output switching signals 
from the controller board come through the CP1104 and use the digital to analog 
conversion channel (DACH) [101]. 
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5.2.3 Integrating dSPACE and Simulink 
The dSPACE DS 1104 DSP board forms the core of the closed loop system. Aside from 
the duties of controlling the operator interface, it performs the acquisition of the 
feedback signal, computes an error signal, delivers the error signal to the control 
algorithm, and executes the control algorithm to determine a control signal. The control 
algorithm is built within a Simulink environment combined with the RTI provided by 
dSPACE and is implemented by the main processor of the DS1104 board in real time 
[102]. 
Once the controller has been built in a Simulink block diagram, the designer can utilize 
the MATLAB real time workshop (RTW) routine that can automatically produce C code 
from the Simulink block diagram. The C code generated by the RTW is used with the 
real time hardware dSPACE DS 1104 DSP-board for real time control. Then the 
interface between Simulink and the dSPACE DS 1104 DSP-board allows the algorithm 
to be run on the hardware of the D51104. 
5.2.4 dSPACE Hardware-Software Interfacing 
External input to the board (sensed voltage or current) — 
Function Signal BNC 
connector 
Nature of signal Input RTI block 
Analog to 
digital 
conversion 
for the 
analog input 
channels 
ADCH1 CPI One 16 bit ADC 
with four 
multiplexed input 
signals 
- 10V 
to 
+10V 
DS1104M-UX 
— ADC 
ADCH2 CP2 
ADCH3 CP3 
ADCH4 CP4 
ADCH5 CPS Four 12-bit 
parallel ADCs 
with one input 
signal each 
DS1104ADC 
Cx 
ADCH6 CP6 
ADCH7 CP7 
ADCH8 CP8 
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External output from the board (switching signals) — 
Function Signal BNC 
connector 
Nature of signal Output RTI block 
Digital to 
analog 
conversion 
for the 
analog 
output 
channels 
DACH1 CP9 
8 parallel DAC 
channels 
-10V 
to 
+10V 
-5mA 
to 
+5mA 
DS 1 1 04DAC 
Cx 
DACH2 CP10 
DACH3 CP1 1 
DACH4 CP12 
DACH5 CP12 
DACH6 CP14 
DACH7 CP15 
DACH8 CP16 
5.3 Hardware Implementation 
5.3.1 Voltage Sensor and Conditioning Circuit 
The voltage sensor circuits are designed to sense the output dc voltage of the dc-dc 
converter and feed it to the feedback controller. The details of the voltage sensor and 
conditioning circuits are shown in Fig. 5.2. The voltage is measured using a LEM LV-
25P voltage transducer. The voltage to be sensed is fed through the input terminal of the 
transducer. A current proportional to the sensed voltage flows through the input resistor 
47k. The current, flowing in the primary circuit, produces a current in the secondary side 
of the LV 25-P voltage transducer. The secondary current multiplied by the R is the 
output voltage of the sensor. 
R.= 47 k 
.-AAMA--- 
Voltage from 
DC bus 
  
15 V 
  
  
Voltage to 
signal conditioning circuit 
 
ni 
+ 
LV 25 P 
 
o 	
    
      
100 ohm 
      
   
+ 15 V 
  
- 
- 
Fig. 5.2 Voltage sensor circuit. 
LA 100-P/SPI3 
to 
+ 15 V signal conditioning 
circuit 
Chapter 5 	Hardware Implementation and Experimental Evaluation of Current Mode Control of DC-DC Converter 	86 
5k 
Voltage from • 
sensor circuit 
0.01 uF 
1- 
LT1058 
Voltage to 
2k ADC of DS 1104 
FA 9.1 VZ 
9.1 VZ 
9k 
20k 
10 k 2k 10 k 
Fig. 5.3 Sensed voltage conditioning circuit. 
The voltage conditioning circuit is shown in Fig. 5.3. The adjustment of the 20k 
potentiometer regulates the precision of the conditioning of the sensed signal. This is 
adjusted in such a way that the maximum voltage to be measured can give ±10V peak 
value. An LT1058 high speed op amp (operational amplifier) is used to process the 
sensed signals. The output of the voltage conditioning circuit is connected through the 
BNC connectors to the dSPACE connector panel CPI 104. This signal is then connected 
to the DS1104ADC Cl of the MATLAB/Simulink model. 
5.3.2 Current Sensor and Conditioning Circuit 
The current transducer LA 100-PISP13 is used in the current sensor circuit. The basic 
principle of current sensing is based on the Hall-effect. The primary current produces 
magnetic flux which results in secondary voltage proportional to the primary current. 
This transducer uses galvanic isolation between the primary circuit and secondary 
circuit to measure currents. Fig. 5.4 shows the simple representation of the current 
transducer connection. 
Fig. 5.4 Current sensor circuit. 
15 V switching signal 
from 
DS 1104 board 
switching signal 
to IGBT 
no connection 
R= 270 ohm 
Ile 20 ohm 
no connection 
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9k 
—AAN--4A.1—• 
20k 
	A 	
0.01 uF 
5k 
Voltage from „_.\AA,—,— 
sensor circuit 
Voltage to 
2k ADC of DS 1104 
9.1 VZ 
9.1 VZ 
- 
+ 
LT 1058 
Fig. 5.5 Sensed current conditioning circuit. 
The current conditioning circuit is shown in Fig. 5.5. This is almost the same as the 
voltage conditioning circuit. The output voltage signal obtained from the current 
transducer is fed to the dSPACE connector panel CP1104. This signal is then connected 
to the DS1104ADC C2 of the MATLAB/Simulink model. 
5.3.3 IGBT Driver Circuit 
The Agilent HCPL3180 IGBT gate drive optocoupler is used as the gate drive circuit. 
The proper selection of gate resistance greatly affects the performance of the gate drive 
circuit. The connection of the IGBT gate drive circuit is shown in Fig. 5.6. 
Fig. 5.6 Gate drive optocoupler circuit to process IGBT switching signal. 
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5.4 Experimental Components and Setup 
5.4.1 BP-380 80W Photovoltaic Module 
Two 80W photovoltaic modules are used as photovoltaic source. 36 polycrystalline cells 
are connected in series in each module. The nominal voltage is 12V. The voltage and 
current at maximum power point are 17.6V and 4.6A respectively. Fig. 5.7 shows the 
photovoltaic module used in the experiment. 
5.4.2 Stafford Halogen Lamp 
Two Stafford 500W work-lights are used for convenient illumination of the 
photovoltaic module. The light intensity can be tuned for experimental investigations. 
Fig. 5.8 shows the halogen lamp used in the experiment. 
5.4.3 Voltage and Current Sensors, and IGBT Driver 
The voltage sensor circuits, current sensor circuits and IGBT driver circuits are 
described in section 5.3. Figs. 5.9 and 5.10 show the voltage sensor circuit, current 
sensor circuit and IGBT gate drive optocoupler implemented in the breadboard. 
   
Fig. 5.7 Photovoltaic module. Fig. 5.8 Halogen lamp. 
 
Fig. 5.10 Current sensor circuit. 
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Fig. 5.9 Voltage sensor and IGBT driver. 
5.4.4 IGBT 
A Semikron SKM50GB063 D n-channel IGBT module is used as the switch. This IGBT 
is been chosen for high efficiency, fast switching and suitability for medium to high 
power applications. 
5.4.5 Inductor, Capacitor and Diode 
With the decrease in frequency the inductor and capacitor values are increased. If load 
current is increased, the capacitor value should be increased. The voltage ripple is 
increased with the decrease in capacitor value. The value of inductor and capacitor value 
has been defined by using the equations of the boost converter [103]. 
5.4.6 Operating Frequency 
To handle high power, the frequency should be lower. But with the reduction of 
frequency the inductor and capacitor size is increased. The optimum value has been 
chosen to minimize power loss. The operating switching frequency was 10 kHz. 
Fig. 5.11 CP1104 connector panel. Fig. 5.12 Digital oscilloscope. 
Chapter 5 	Hardware Implementation and Experimental Evaluation of Current Mode Control of DC-DC Converter 	90 
Fig. 5.13 Experimental setup for prototype photovoltaic power system. 
5.5 Experimental Results and Discussion 
5.5.1 PV Module Output Voltage and Current 
The voltage and current obtained from the photovoltaic module is shown in Fig. 5.14. 
Certainly the voltage level and current level changes with the change in insolation. The 
voltage is about 12V and the current is 80mA. 
5.5.2 Response of Voltage Sensor 
The response of the voltage sensor circuit to changes in voltage is shown in Fig. 5.15. 
This voltage is fed back to the controller to generate the switching signals. 
4, 
10116104.611404001110.01041410.1004004044.141. 
2* 
CH2 100MV M 10.0MS 
Fig. 5.14 PV module voltage and current. 
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5.5.3 Generation of Switching Pulses 
Fig. 5.16 shows the switching pulses generated from the converter controller 
implemented in Simulink and downloaded in the dSPACE DS1104 controller board. 
The switching pulses are fed to the IGBT gate drive optocoupler. The output of the 
optocoupler circuit is also shown in Fig. 5.16. 
2* 
CH2 5.00V 	M 25.0ms 
Fig. 5.15 Response of voltage sensor to change in voltage. 
'AMMO' 	%memoir* 
24.101 	 btelalt 	10,0•0 	044•1141 
C112 10.0V 	Minus 
Fig. 5.16 Switching pulses (top) and IGBT gate driver output (bottom). 
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5.5.4 Output Voltage of the dc-dc Converter 
Fig. 5.17 shows the output voltage of the boost converter. As can be seen from Fig. 
5.17, the output voltage of the boost converter is about 25V, for an input voltage of 
about 12V. 
5.5.5 Effect of Input Variations 
The effect of input variations is shown in Fig. 5.18. The input voltage is suddenly 
changed in a step of 10 V, but the output voltage doesn't change instantly. As the power 
from the photovoltaic module disappears, the controllers are able to hold the output 
voltage level, for a certain time. 
lahmmfamd1•001101•Allywhim1111111MmlmfaftplemeoweaftIVIAIII0111100•0011/00.1.1 
2+ 
CH2 in.ov 	m 
Fig. 5.17 Input (top) and output (bottom) voltage of the PV boost converter. 
hvoM•erMamftowers4/0"ftmo. 
414101110.+11001101611111110,1 10 
2+ 
CH2 10.CIV 	m labs 
Fig. 5.18 Effect of input variations. 
Chapter 5 	Hardware Implementation and Experimental Evaluation of Current Mode Control of DC-DC Converter 	93 
5.5.6 Effect of External Disturbances 
External disturbance is a common phenomenon in photovoltaic power systems. A 
sudden disappearance of sunlight, due to cloud, usually happens. Fig. 5.19 shows the 
effect of external disturbance on the photovoltaic power system. As the power from the 
photovoltaic module disappears, the controllers are able to hold the output voltage level, 
for a certain time. So, the disappearance of photovoltaic power doesn't affect the load 
instantly. 
r.gm.,■/weapwiww■m/f••■flry■g.........e,p.■k•ap.g■■■•■•-•.•••• 
24 
CH2 101V 	M 1.00s 
Fig. 5.19 Effect of external disturbances. 
24 
C112 2.00V 	M 250ms 
Fig. 5.20 Effect of load changes. 
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5.5.7 Effect of Load Changes 
The effect of output change is shown in Fig. 5.20. The output is suddenly changes from 
81d1 to 45ka At that time the change in output voltage appears as shown in Fig. 5.20. 
During the change in load, the voltage level goes down for a while and then recovers 
again. So, the change in load in a large extent also doesn't affect the output voltage 
level. 
5.6 Conclusion 
The experimental setup is implemented to investigate the performance of the current 
mode controller for the control of dc-dc converter in a photovoltaic power system. The 
response of the voltage and current sensor circuits, and IGBT gate drive optocoupler is 
presented. The performance of the current mode controller as a dc-dc converter 
controller in photovoltaic power system is presented considering input fluctuations, load 
variations and external disturbances. The experimental setup facilitates real time 
interface of the sensor circuits and switching pulses for the dc-dc converter. Noise free, 
high speed signal processing is performed inside the dSPACE DS 1104 controller board. 
CHAPTER 6 
Conclusions and Suggestions for Future 
Research 
6.1 Conclusions 
Photovoltaic power system technology, as a sustainable energy source, is a potential 
solution for generating electrical power. However, large scale use of photovoltaic 
power systems lies in the employment of efficient and cost effective technologies in 
power electronic interfaces and control techniques. This thesis has focused on power 
electronic interfaces and control techniques of photovoltaic power systems. The 
ultimate goal was to find converter topologies and control techniques which are well-
matched for employment in power electronic interfaces of photovoltaic power 
systems. 
Improved maximum power point tracking of the photovoltaic module based on 
current mode control is presented in Chapter 2. The photovoltaic module current is 
directly proportional to the solar irradiation, and therefore, photovoltaic modules act 
as a current source. Hence, the current control method is employed in the maximum 
power point tracking technique. The inherent current source characteristic of the 
photovoltaic module is used to obtain a robust response during rapidly changing 
environmental conditions. The variable perturbation step size employed in the 
algorithm facilitates fast response and accurate holding of the maximum power point 
of the photovoltaic module. The correlation between the reference current and the 
change in photovoltaic power makes the algorithm appropriate in steady state 
condition as well as in transient state. The effect of irradiance change, perturbation 
step size, switching frequency and sampling rate on the improved maximum power 
point tracking are also assessed. 
Chapter 6 	Conclusions and Suggestions for Future Research 	 96 
Employment of the current mode control of the switch-mode dc-dc converter for 
photovoltaic power applications is presented in Chapter 3. Average current control, 
current programmed control, hysteresis current control and nonlinear carrier control 
methods are addressed as the dc-dc converter controller considering input 
fluctuations and load variations of the photovoltaic power systems. The Dynamic 
responses of photovoltaic systems are investigated and harmonic analysis is 
performed. Performances of the above current controllers are examined through 
simulation and the results are presented. The results show that the selection of 
different current control techniques depends on the working conditions and the area 
of applications. A comparative assessment of the voltage mode control and four 
current mode control techniques of switch-mode converters for photovoltaic power 
application is also presented. 
Control of battery storage with a bidirectional converter is presented in Chapter 4. 
This study focuses on the control of a battery management system for photovoltaic 
power applications with a high efficiency bidirectional converter. The proposed 
control strategy utilizes the dc bus power and battery state of charge for the charging 
and discharging of the battery with a bidirectional converter. The bidirectional 
converter includes fewer components and switches, has less switching losses with 
zero voltage switching, and has high gain buck-boost operations. A new control 
algorithm of charging-discharging control for the battery storage system is proposed. 
The complete photovoltaic power system with a boost dc to dc converter controller to 
regulate the dc link voltage, a bidirectional converter based battery charge controller, 
and an inverter with its associated vector mode controller is implemented in the 
Simulink/Simpower environment. The simulation results are presented and discussed 
to verify the validity of the proposed control algorithm. 
Experimental evaluation of the dSPACE DS 1104 based controller for photovoltaic 
power application is presented in Chapter 5. A 160W prototype photovoltaic power 
system with BP solar panel, sensors, IGBT gate driver and dc-dc converter is 
implemented. The controller is implemented in the dSPACE ControlDesk ® and the 
hardware-software interface is experienced through the dSPACE DS 1104 controller 
board and controller panel. The implementation of high speed, noise free, accurate 
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control of the dSPACE ControlDesk° verifies good performance of the current mode 
controller of the photovoltaic power system. 
The thesis mainly studies the control of power electronic interfaces employed in 
photovoltaic power systems. The conclusions from this study can be summarized as 
follows. 
o Maximum Power Point Extraction 
An in-depth analysis of the maximum power point tracking on the photovoltaic 
module has been presented in this thesis. The current mode control technique is 
employed considering the current-source characteristics of the photovoltaic module. 
Variable step-size is used in the maximum power point tracking algorithm as the 
photovoltaic power is subject to change under rapidly changing solar irradiation. The 
effects of perturbation step size and sampling rate are analysed, which are vital 
design considerations for maximum power point tracking techniques. 
o Regulation of Photovoltaic Voltage 
Detailed analysis is performed for the boost converter and four current mode control 
techniques, namely average current control, current programmed control, hysteresis 
current control, and nonlinear carrier control. This study demonstrates the viability of 
the employment of current mode control for photovoltaic applications. Current mode 
control techniques are assessed through simulation to regulate the photovoltaic 
voltage, considering input variations, load changes, external disturbance, dynamic 
performance and inverter harmonics. The comparative assessment of current mode 
controls and voltage mode control are presented to support the superiority of current 
mode control in different aspects of applications. 
o Charging and Discharging of the Battery 
This study investigates appropriate system configuration, converter topology and 
control techniques for battery charging/discharging of photovoltaic power systems. A 
battery charging/discharging algorithm has been presented and verified through 
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simulation. Simulation results show that the battery charger can effectively 
coordinate power transfer among the photovoltaic module, battery and load. 
6.2 Suggestions for Future Research 
An interesting future project would be to integrate the maximum power point 
tracking technique with the dc-dc converter controller. The employment of the 
maximum power point technique within the converter controller will make it 
possible to combine the voltage regulation with the maximum power point 
extraction. 
A further stage of this project could be the employment of the inverter controller. 
Effective coordination of the maximum power point tracking technique, dc-dc 
converter controller, battery charger controller and inverter controller would be a 
very promising field of research. 
Another significant possibility for further research could be the experimental 
implementation of the whole system using the dSPACE DS1104 digital signal 
processor. 
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Appendix A 
Simulink Model of the Photovoltaic Module 
A.1 Block Diagram Based Model 
A Simulink model of the photovoltaic module based on MATLAB/ Simpower/ 
Simulink block is presented in Fig. A.1. This model takes solar irradiance profile and 
photovoltaic current as input and gives photovoltaic module voltage and power as the 
output. Fig. A.2 shows the internal blocks which makes the photovoltaic model [68]. 
PV model 
Fig. A.1 Simulink model of the photovoltaic module based on Simpower/Simulink 
functional block. 
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Fig. A.3 Functional block parameters of the Simulink model of the photovoltaic 
module. 
Different parameters of the photovoltaic module based on the Simulink block diagram 
can be set in the model to obtain expected solar characteristics. For example, the short 
circuit current, open circuit voltage, current and voltage at maximum power point can 
be set in the model. Fig. A.3 shows the functional block parameters of the Simulink 
model of the photovoltaic module. 
Diode 
Controlled 
Diodel 
onstant 
Diode2 
• Diode 
Controlled 
Diodel 
- 	Diorte2 
Rs 
4 R4 
1 	1 
"tcl 
R7 
souitchl/ 
R5 R8 
smite 
Appendices 
	 Ill 
A.2 Circuit Based Model 
A circuit based model of the photovoltaic module is presented in Fig. A.4. This 
electrical circuit model, based on the diode characteristics, is suitable for use in power 
electronic converters dynamic and transient behaviour studies [104]. To obtain a 
piecewise linear solar characteristics, the circuit is updated with some parallel 
resistors, as shown in Fig. A.5. 
Discrete, 
Is = 5e-005 S. 
powergui 
Fig. A.4 Basic Circuit-based model of photovoltaic module. 
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 Se-OUS S. To = 
powergui 
Fig. A.5 Updated circuit-based model of photovoltaic module. 
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Fig. A.6 Circuit-based model of photovoltaic module for smooth wave-shape. 
To obtain smooth solar characteristics, the circuit is further updated using sole parallel 
inductors and capacitors, as shown in Fig. A.6. The smooth solar characteristics are 
shown in Fig. A.7. 
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Fig. A.7 Current-voltage and power-voltage characteristics of the PV module at a 
constant temperature and a specified irradiance. 
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Appendix B 
Simulink Model of the Current-Mode Controllers 
B.1 Average Current Control 
Fig. B.1 shows the block diagram of the average current control method implemented 
in the MATLAB/ Simpower/ Simulink system. The average current control method 
uses the input current and compares it with a reference voltage. A comparison of the 
voltage, which is proportional to the input current, with feedback  voltage, produces an 
error signal to drive the controller and the PWM modulator. 
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B.2 Current Programmed Control 
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The block diagram of the current programmed control implemented  in the MATLAB/ 
Simpower/ Simulink system is shown in Fig. B.2. In this method, the converter switch 
current is measured and compared with the control current. The  control current comes 
from the feedback loop. The comparator output drives a latch to pass the switching 
signal. 
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B.3 Hysteresis Current Control 
Fig. B.3 shows the block diagram of the hysteresis current control method 
implemented in the MATLAB/ Simpower/ Simulink system. The hysteresis current 
control method operates at a variable frequency. The hysteretic controller provides the 
gating signal for switching on-off as necessary to maintain a waveform within a set 
limit. The switch is in either ON or OFF position according to the response of the zero 
current detectors (ZCD). The ZCD senses the inductor current. 
Fig. B.3 Simulink model of hysteresis current controller. 
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B.4 Nonlinear Carrier Control 
The nonlinear carrier control method implemented in the MATLAB/ Simpower/ 
Simulink system is shown in Fig. B.4 as a block diagram. The nonlinear carrier 
control method uses a current transformer to obtain the switch current, which is then 
integrated. The output of the integrator is compared with the output of the nonlinear 
carrier generator. The carrier voltage is generated from the double integration of the 
feedback voltage. The output of the comparator then goes to the latch which generates 
gating pulses. 
Fig. B.4 Simulink model of nonlinear carrier controller. 
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Appendix C 
Hardware Data 
C.1 Photovoltaic Module 
In the crystalline silicon photovoltaic modules, used in the experiment, 36 cells are 
connected in series. Table C.1 presents the specification of the photovoltaic module. 
Table C.1 Specification of the photovoltaic module 
Model '-380J 
Maximum power 80W 	. 
Nominal voltage 12V 
Open circuit voltage 22.1V 
Short circuit current 4.8A 
Voltage at maximum power point 17.6V 
Current at maximum power point 4.55A 
C.2 Controller Board 
The dSPACE DS 1104 R&D (research and development) controller board provides 
real time interfacing facilities. Real time interface (RTI) provides Simulink blocks for 
graphical I10 configuration. The real time model is compiled, downloaded, and started 
automatically. Table C.2 shows the specification of the controller board. 
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Table C.2 Specification of the controller board 
Model DS1104 
Processor MPC8240 processor with PPC 603e 
64-bit floating point processor 
CPU click:250 MHz 
Memory Global memory: 32 MB SDRAM 
Flash memory: 8MB 
Timer 32-bit down counter 
A/D converter 
• 
Channels 4 multiplexed, 4 parallel 
Resolution Multiplexed 16-bit, parallel 12-bit 
Input voltage ±10V 
Conversion time Multiplexed 21.ts , parallel 800ns 
SN ratio Multiplexed >80dB, parallel >65dB 
D/A converter 
• . 
, 
Channels. 8 channels 
Resolution 16-bit 
Output range ±10V 	 . 
Settling time 101.ts 
SN ratio >80dB 	 . 
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C.3 Voltage Transducer 
The transducer is designed based on the Hall Effect, for the electronic measurements 
of dc, ac or pulsed voltage with a galvanic isolation between the primary circuit and 
the secondary circuit. A current proportional to the measured voltage is passed 
through an external resistance which has been calculated. Table C.3 presents the 
specification of the voltage transducer. 
Table C.3 Specification of the voltage transducer 
Model Ly 25-P' 
Supply voltage + terminal : +12V to +15 V 
- terminal : -12V to -15 V 
Primary voltage measuring range 10V to 500V 
Measuring resistance 300 to 350E2 
Primary nominal rms current 10mA 
Secondary nominal rms current 25mA 
Conversion ratio 2500:1000 
C.4 Current Transducer 
The transducer is designed based on the Hall Effect, for -the electronic measurements 
of dc, ac or pulsed current with a galvanic isolation between the primary circuit and 
the secondary circuit. Table C.4 shows the specification of the current transducer. 
Maximum switching speed 250 kHz 
  
Minimum peak output current 2A 
Vcc operating range 
Output voltage range 
10V to 20V 
OV to Vcc 
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Table 'C.4 Specification of the current transducer 
Model LA 100-P/SP13 
Supply voltage + terminal : +12V to +15 V 
- terminal : -12V to -15 V 
Primary current measuring range OA to ±160A 
Measuring resistance 10C1 to 950 
Primary nominal rms current 100A 
Secondary nominal rms Current 100mA 
Conversion ratio 	 . 1:1000 
C.5 IGBT Gate Drive Optocoupler 
The IGBT gate drive optocoupler is suitable for high frequency driving of power 
IGBT and high performance dc/dc converter applications. Table C.5 presents the 
specification of the IGBT gate drive optocoupler. 
Table C.5 Specification of the IGBT gate drive optocoupler 
